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S u m m a r y
S e m ic o n d u c t iv e  o r g a n ic  p o ly m e r  a n d  s m a l l  m o le c u le  m a t e r ia ls  a r e  w id e ly  r e s e a r c h e d  f o r  t h e  
f a b r ic a t io n  o f  lo w  c o s t ,  la r g e  a r e a  a n d  f le x ib le  o r g a n ic  p h o t o v o lt a ic  d e v ic e s .  S e m ic o n d u c ­
t o r  n a n o c r y s t a ls  w h ic h  d e m o n s t r a t e  s iz e  t u n e a b le  o p t ic a l  b a n d g a p s ,  c a n  b e  in c o r p o r a t e d  
w it h  o r g a n ic  m a t e r ia ls  to  e n a b le  w id e r  s p e c t r a l  a b s o r p t io n  a n d  c o n s e q u e n t ly  im p r o v e  t h e  
p o w e r  c o n v e r s io n  e f f ic ie n c y  (77) o f  o r g a n ic  p h o t o v o lt a ic s .  H y b r i d  s y s t e m s  f a b r ic a t e d  w it h  
w id e  b a n d g a p  ( C d S e ,  C d T e )  n a n o c r y s t a ls  h a v e  r e p o r t e d  p r o m is in g  r e s u lt s  t o  t h i s  e n d . 
H o w e v e r ,  i n  o r d e r  t o  f u r t h e r  in c r e a s e  t h e  s p e c t r a l  a b s o r p t io n  o f  s o la r  i r r a d i a t i o n ,  p a r t i c u ­
l a r l y  i n  t h e  e n e r g y  r ic h  n e a r  in f r a r e d  r e g io n ,  n a r r o w  b a n d g a p  n a n o c r y s t a l  s y s t e m s  m u s t  b e  
u t i l i s e d  i n  h y b r id  p h o t o v o lt a ic  f a b r ic a t io n .  A t t e m p t s  o f  u s in g  P b  c h a lc o g e n id e  ( P b S  a n d  
P b S e )  n a n o c r y s t a ls  i n  h y b r i d  a r c h it e c t u r e s  h a v e  n o t  y e t  b e e n  c o m p le t e ly  s u c c e s s f u l.  T h e  
a im  o f  t h i s  p r o je c t  w a s  t o  d e s ig n ,  f a b r ic a t e  a n d  c h a r a c t e r is e  n o v e l o r g a n ic ( f u l le r e n e )  a n d  
P b S - n a n o c r y s t a l  b a s e d  h y b r id  p h o t o v o lt a ic  s y s t e m s  f o r  b r o a d b a n d  l i g h t  h a r v e s t in g .  S m a l l  
m o le c u le  o r g a n ic  m a t e r ia ls  ( p e n t a c e n e  a n d  t e t r a c e n e )  a n d  C 60 w e r e  u s e d  a s  t h e  o r g a n ic  a n d  
f u l le r e n e  m a t e r ia ls  t o g e t h e r  w it h  P b S - n a n o c r y s t a l s  s y n t h e s is e d  in -h o u s e .  T h r e e  p r im a r y  
d e v ic e  a r c h it e c t u r e s  w e re  in v e s t ig a t e d ,  w h e r e  P b S - n a n o c r y s t a ls  w e r e  u s e d  a s  a n  e le c t r o n  
d o n o r ,  a c c e p t o r  a n d  a ls o  a s  a  t a n d e m  la y e r .
A  P b S - n a n o c r y s t a l / C 6o h y b r i d  p h o t o v o lt a ic  d e v ic e  in  w h ic h  t h e  n a n o c r y s t a ls  a c t  a s  
c h a r g e  d o n o r s  d e m o n s t r a t e d  a  t h i r t y  f o ld  in c r e a s e  in  s h o r t  c i r c u it  c u r r e n t  d e n s it y  ( J s c ) 
u p o n  r e m o v a l o f  t h e  a s -s y n t h e s is e d  o le ic  a c id  l ig a n d s  s t u d ie d  u s in g  X - r a y  p h o t o e le c t r o n  
s p e c t r o s c o p y  ( X P S )  a n d  t h e r m o g r a v im e t r ic  m e t h o d s .  X P S  a n a l y s i s  d e m o n s t r a t e d  a  s h if t  
i n  t h e  b i n d in g  e n e r g y  o f  P b 4y 7 o r b i t a l ,  a t t r ib u t e d  t o  t h e  r e m o v a l  o f  o le ic  l ig a n d s .  F u r ­
t h e r m o r e ,  p h o t o s e n s it iv i t y  u p  t o  1 6 0 0  n m  w a s  d e m o n s t r a t e d  w it h  a n  e x t e r n a l  q u a n t u m  
e f f ic ie n c y  ( E Q E )  o f  0 . 0 2 5 % ,  t o g e t h e r  w it h  a  m a x im u m  E Q E  o f  3 . 3 %  a t  4 5 0  n m .  T h e  
P b S - n a n o c r y s t a l / C e o  h y b r id  p h o t o v o lt a ic  a r c h it e c t u r e  w a s  o p t im iz e d  b y  e x c h a n g in g  t h e  a s -  
s y n t h e s is e d  o le ic  l ig a n d s  i n  P b S - n a n o c r y s t a l s  t o  s h o r t e r  b u t y l a m in e  l ig a n d s ,  c h a r a c t e r is e d  
b y  p h o t o lu m in e s c e n c e  a n d  in f r a r e d  s p e c t r o s c o p y ,  w h ic h  im p r o v e d  c h a r g e  c a r r ie r  m o b i l i t y .  
I t  w a s  s e e n  u s in g  a t o m ic  f o r c e  m ic r o s c o p y  t h a t  b u t y l a m in e  c a p p e d  n a n o c r y s t a ls  f o r m e d  
s m o o t h  n o n -p o r o u s  f i lm s  o n  t h e  c o n d u c t iv e  s u b s t r a t e s  w h ic h  e n a b le d  d e p o s it io n  o f  t h in n e r  
n a n o c r y s t a l  f i lm s  ( 1 0 0  n m )  f u r t h e r  i m p r o v in g  c h a r g e  e x t r a c t io n .  A n  e ig h t  f o ld  im p r o v e m e n t  
o f  77 w a s  o b s e r v e d  a s  c o m p a r e d  t o  o le ic  c a p p e d  b a s e d  h y b r id  n a n o c r y s t a l  p h o t o v o lt a ic s .  F u r ­
t h e r m o r e ,  i t  w a s  f o u n d  t h a t  c a r r ie r  m o b i l i t y  o f  a  P b S - n a n o c r y s t a l  f i l m  w a s  im p r o v e d  b y
s o a k in g  i n  a n h y d r o u s  m e t h a n o l .  C o n s e q u e n t ly ,  t h e  h y b r i d  p h o t o v o lt a ic  f a b r ic a t e d  a f t e r  
m e t h a n o l  t r e a t m e n t  d e m o n s t r a t e d  a  J sc o f  5 m A c m - 2  a n d  a n  r) o f  0 . 4 4 % ,  w h ic h  is  t h e  
h ig h e s t  r e p o r t e d  f o r  a  h y b r id  p h o t o v o lt a ic  in c o r p o r a t in g  n a r r o w  b a n d g a p  n a n o c r y s t a ls .  A  
m a x im u m  E Q E  o f  3 5 %  a t  4 0 0  n m  a n d  u p  t o  5 %  E Q E  w i t h in  t h e  n e a r  in f r a r e d  r e g io n  w a s  a ls o  
d e m o n s t r a t e d  f r o m  t h is  d e v ic e .  F u r t h e r  o p t im iz a t io n  o f  t h is  p h o t o v o lt a ic  s y s t e m  is  d is c u s s e d  
b y  m o d e l l in g  t h e  m a x im u m  e x p e c t e d  J sc a n d  b y  in f e r r in g  p r o p e r t ie s  c o n t r o l l in g  t h e  o p e n  
c i r c u it  v o lt a g e  a n d  f i l l  f a c t o r .  P b S - n a n o c r y s t a l s  w e re  a ls o  u s e d  a s  e le c t r o n  a c c e p t o r s  in c o r ­
p o r a t e d  w it h  a c e n e s .  P h o t o in d u c e d  e le c t r o n  t r a n s f e r  b e t w e e n  t e t r a c e n e / P b S - n a n o c r y s t a ls  
w a s  s e e n  to  b e  m o r e  e f f ic ie n t  a s  o p p o s e d  t o  p e n t a c e n e / P b S - n a n o c r y s t a ls ,  s t u d ie d  u s in g  p h o ­
t o lu m in e s c e n c e  q u e n c h in g  a n d  E Q E  m e a s u r e m e n t s .  T h i s  p h e n o m e n o n  w a s  e x p la in e d  u s in g  
a n  in t e r f a c ia l  e ffe c t  b e t w e e n  t h e  p e n t a c e n e / P b S - n a n o c r y s t a ls  a t t r ib u t e d  to  t h e  p e r m a n e n t  
d ip o le  m o m e n t  o f  t h e  n a n o c r y s t a ls .  F u r t h e r m o r e ,  t h e  p o s s ib i l i t y  o f  u s in g  P b S - n a n o c r y s t a l s  
a s  a  d o n o r -a c c e p t o r  t a n d e m  la y e r  w a s  in v e s t ig a t e d  b y  f a b r ic a t io n  o f  a  m u l t i ju n c t i o n a l  h y ­
b r id  p h o t o v o lt a ic  u s in g  t e t r a c e n e  a n d  C g o , w h ic h  d e m o n s t r a t e d  u p  t o  tw o  o r d e r s  g r e a t e r  
E Q E  i n  b o t h  t h e  u l t r a v i o le t  a n d  n e a r  in f r a r e d .  D e v ic e  o p e r a t io n s  f o r  a l l  a b o v e  a r c h it e c t u r e s  
w e re  j u s t if ie d  b y  d ir e c t  m e a s u r e m e n t  o f  t h e  P b S - n a n o c r y s t a l  e n e r g y  le v e ls  u s in g  u l t r a v io le t  
p h o t o e le c t r o n  s p e c t r o s c o p y  a n d  c y c l ic  v o lt a m m e t r y  m e a s u r e m e n t s .
I t  is  c o n c lu d e d  t h a t  w it h  s u it a b le  o p t im is a t io n s  t h e  n o v e l p h o t o v o lt a ic  s y s t e m s  s t u d ie d  
h e r e  c o u ld  b e  e x p lo r e d  a s  a  v i a b le  t h i n  f i l m  p h o t o v o lt a ic  t e c h n o lo g y .
A c k n o w l e d g e m e n t s
I  l ik e  t o  c o n v e y  m y  s in c e r e  g r a t it u d e  t o  P r o f .  R a v i  S i l v a  a n d  A d v a n c e d  T e c h n o lo g y  I n s t i t u t e  
o f  U n iv e r s i t y  o f  S u r r e y  fo r  p r o v id in g  m e  f u n d in g  a n d  r e s o u r c e s  fo r  t h is  p r o je c t .  P r o f .  S i l v a  
h a s  b e e n  a n  i n s p ir a t io n  f o r  m e  t o  e m b a r k  0 11 a  c a r e e r  i n  r e s e a r c h .  I  a m  a ls o  q u it e  g r a t e f u l  
fo r  t h e  h e lp  a n d  g u id a n c e  p r o v id e d  t o  m e  b y  m y  s e c o n d  s u p e r v is o r  D r  R ic h a r d  C u r r y .
I  a m  in d e b t e d  t o  D r  R o s s  H a t t o n  f o r  a l l  t h e  h e lp  l i e  h a s  p r o v id e d  m e  a n d  f o r  a l l  t h e  
v a lu a b le  d is c u s s io n s .  I  a m  a ls o  g r a t e f u l  t o  D r  D a m i t h a  A d i k a a r i  f o r  t h e  in v a lu a b l e  s u p p o r t  
a n d  c o m p a n io n s h ip  t h a t  l ie  h a s  p r o v id e d  m e  d u r i n g  t h is  p e r io d .  A l s o  I  m u s t  m e n t io n  t h e  
h e lp  e x t e n d e d  b y  N i l u s h a n  M u d u g a m u w a  f o r  m y  p r o je c t  w o r k .  I  m u s t  a ls o  t h a n k  D r  T h i e r r y  
L u t z  f o r  a l l  t h e  h e lp  h e  h a s  p r o v id e d .  I  m u s t  a ls o  m e n t io n  t h e  h e lp  a n d  c o m p a n io n s h ip  
e x t e n d e d  b y  D r  C r i s t i n a  G i u s c a  t h r o u g h o u t  m y  p e r io d  a t  S u r r e y .  I  a m  a ls o  g r a t e f u l  f o r  t h e  
a d v ic e  p r o v id e d  b y  D r  D a v i d  C a r e y .  T h e  s u p p o r t  p r o v id e d  t o  m e  b y  D r  A n t h o n y  M i l l e r  
a n d  D r  N i c o l a  B o u r d a k o s  d u r i n g  t h i s  r e s e a r c h  is  a ls o  h i g h l y  a p p r e c ia t e d .  I  m u s t  t h a n k  m y  
f e llo w  c o lle a g u e s  i n  t h e  A d v a n c e  T e c h n o lo g y  I n s t i t u t e  f o r  p r o v id in g  t h e  w o n d e r f u l ly  f r i e n d l y  
a n d  c o h e s iv e  w o r k in g  e n v ir o n m e n t .
F i n a l l y ,  I  e x p r e s s  m y  d e e p  g r a t it u d e  t o  m y  w ife ,  E r a n d i  f o r  a l l  t h e  s u p p o r t  a n d  a ls o  f o r  
lo o k in g  a f t e r  m y  p a r e n t s  d u r in g  t h e  p a s t  t h r e e  y e a r s  w h ic h  a llo w e d  m e  t o  c o n c e n t r a t e  f u l l y  
o n  m y  r e s e a r c h .
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C h a p t e r  1
Introduction
1.1 D e v e l o p m e n t  o f  p h o t o v o l t a i c s
G e n e r a t io n  o f  e le c t r ic i t y  f r o m  l ig h t ,  k n o w n  a s  t h e  p h o t o v o lt a ic  e f fe c t , w a s  f ir s t  o b s e r v e d  b y  
B e c q u e r e l  i n  1 8 3 9 . [ l j  I n  1 8 7 6  A d a m s  a n d  D a y  r e p o r t e d  c u r r e n t  g e n e r a t io n  w h e n  s e le n iu m  
w a s  e x p o s e d  to  l ig h t .  [2] S e le n iu m  w a s  u s e d  a g a in  b y  C h a r l e s  F r i t t s  i n  1 8 9 4  f o r  t h e  f ir s t  
la r g e  a r e a  p h o t o v o lt a ic  ( P V )  d e v ic e .  T h i s  d e v ic e  w a s  f a b r ic a t e d  w it h  a  t h i n  t r a n s p a r e n t  
m e t a l  la y e r  d e p o s it e d  o n  t o p  o f  t h e  a c t iv e  s e m ic o n d u c t o r  r e g io n  t h u s  c r e a t in g  a  m e t a l -  
s e m ic o n d u c t o r  j u n c t io n  a ls o  k n o w n  a s  a  “S c h o t t k y  b a r r ie r ” . I n  1 9 5 0 s  t h e  im p r o v e m e n t s  
i n  p r o c e s s in g  o f  c r y s t a l l in e  s i l ic o n  ( c - S i )  m a d e  w a y  f o r  t h e  f a b r ic a t io n  o f  s i l ic o n  p - n  j u n c ­
t io n s .  C h a p in ,  F u l l e r  a n d  P e a r s o n  r e p o r t e d  t h e  f ir s t  p - n  ju n c t io n  b a s e d  s i l i c o n  P V  d e v ic e  i n  
1 9 5 4 .  [3] T h e  p o w e r  c o n v e r s io n  e f f ic ie n c y  (r/) f r o m  l ig h t  to  e le c t r ic i t y  f o r  t h is  d e v ic e  w a s  6 % .  
I n  1 9 6 0 s  t h e  in t e r e s t  i n  P V  d e v ic e s  w a s  d r iv e n  b y  r e q u ir e m e n t s  f o r  s p a c e  a p p l ic a t io n s . [4] 
D e s p it e  p r o m in e n t  in v e s t ig a t io n  i n  to  s i l i c o n  b a s e d  P V  t e c h n o lo g y ,  t h e r e  w a s  a ls o  a n  a c t iv e  
in t e r e s t  i n  s e m ic o n d u c t o r s  s u c h  a s  c a d m iu m  s u lp h id e  ( C d S ) ,  g a l l i u m  a r s e n id e  ( G a A s ) ,  i n ­
d iu m  p h o s p h id e  ( I n P )  a n d  c a d m iu m  t e l l u r id e  ( C d T e )  a s  p h o t o a c t iv e  m a t e r ia ls .  W o r ld  o i l  
c r is is  i n  t h e  p e r io d  o f  1 9 7 0 s  in je c t e d  n e w  in t e r e s t  f o r  r e s e a r c h  i n  t o  r e n e w a b le  e n e r g y  s o u r c e s ,  
p a r t i c u l a r l y  f o r  a  h i g h l y  e f f ic ie n t  a n d  c o s t  e f f e c t iv e  P V  t e c h n o lo g y .  T o  lo w e r  t h e  u n it  c o s t  o f  
P V  m o d u le s ,  a lt e r n a t iv e  m a t e r ia ls  to  t h e  r e l a t i v e l y  e x p e n s iv e  c - S i  w e re  r e s e a r c h e d .  I n  1 9 6 9 , 
C h i t t i c k  e t  a l .  d is c o v e r e d  h y d r o g e n a t e d  a m o r p h o u s  s i l ic o n  ( a - S i : H )  w h ic h  w a s  c o n s id e r e d  
t h e  m o s t  p r o m is in g  a c t iv e  m a t e r i a l  f o r  f a b r ic a t io n  o f  t h in  f i l m  P V s . [5] T h e  f ir s t  a - S i : H  P V  
r e p o r t e d  b y  C a r l s o n  e t  a l .  i n  1 9 7 6  d e m o n s t r a t e d  a n  rj o f  2 . 4 % . [ 6 ] H o w e v e r ,  d e s p it e  s ig n if i ­
c a n t  im p r o v e m e n t  i n  77, a - S i : H  P V  t e c h n o lo g y  h a s  n o t  s u p e r s e d e d  c - S i  a s  t h e  p r im a r y  c h o ic e
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i n  P V  in d u s t r y .  [7]
1.1.1 Organic photovoltaics
T h e  d is c o v e r y  o f  c o n d u c t in g  o r g a n ic  m a t e r ia ls  i n  1 9 7 7  w a s  t h e  s t a r t  o f  a  n e w  g e n e r a t io n  
o f  o p t o e le c t r o n ic  d e v ic e s .  [8 ] [9] I t  w a s  p o s s ib le  to  c r e a t e  t h in  f i lm  P V s  u s in g  o r g a n ic  s e m i-  
c o n d u c t iv e  m a t e r ia ls  w h ic h  h a v e  s t r o n g  l ig h t  a b s o r p t io n  in  t h e  v is ib l e  r e g io n .  [10 ] L o w  c o s t  
f a b r ic a t io n  m e t h o d s ,  l ig h t w e ig h t  a n d  f le x ib le  m e c h a n ic a l  p r o p e r t ie s  w e re  o t h e r  m o t iv a t in g  
f a c t o r s  fo r  t h e  u s e  o f  o r g a n ic s  a s  t h e  a c t iv e  m a t e r ia l  fo r  n e w  c la s s  o f  P V  d e v ic e s .  A n  o r g a n ic  
p h o t o a c t iv e  la y e r  s a n d w ic h e d  b e t w e e n  tw o  d is s im i l a r  m e t a l  e le c t r o d e s  p r o v id e d  t h e  b a s is  
fo r  t h e  f ir s t  g e n e r a t io n  o r g a n ic  P V  ( O P V )  d e v ic e s .  M e r o c y a n in e  d y e  b a s e d  f ir s t  g e n e r a ­
t io n  O P V  d e v ic e s  a c h ie v e d  a  r/ o f  0 . 7 % .  [ 1 1 ]  A n  im p r o v e d  O P V  d e v ic e  b a s e d  o n  a  d o n o r -  
a c c e p t o r  t y p e  a r c h it e c t u r e  w a s  f a b r ic a t e d  i n  1 9 8 6  b y  T a n g  e t  a l .  w h ic h  d e m o n s t r a t e d  a
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F i g u r e  1 . 1 :  A schematic illustration o f  O P V  device architectures. A  bilayer heterojunction O P V  
device is form ed when the active phases, typically small molecule organic materials, are deposited in 
a stratified orientation. A  bulk heterojunction O P V  device is form ed when the donor and acceptor 
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77 o f  n e a r ly  1 % .  T h i s  p io n e e r in g  w o r k  w a s  b a s e d  o n  a  b i la y e r  h e t e r o ju n c t io n  ( f ig u r e  1 . 1 )  
o f  c o p p e r  p h t h a l o c y a n in e  ( C u P c )  a n d  p e r y le n e  t e t r a c a r b o x y l ic  d e r iv a t iv e  s a n d w ic h e d  b e ­
t w e e n  t r a n s p a r e n t  c o n d u c t in g  o x id e  a n d  s e m it r a n s p a r e n t  m e t a l  e le c t r o d e s .  B y  t h is  p e r io d ,  
t h e  s y n t h e s is  o f  h ig h  q u a l i t y  s e m ic o n d u c t o r  p o ly m e r s  h a d  im p r o v e d  r e s u l t in g  i n  p o ly m e r s  
s u p e r s e d in g  s m a l l  m o le c u le  o r g a n ic s  a s  t h e  p r e f e r r e d  a c t iv e  m a t e r i a l  i n  O P V  d e v ic e s .  T h e  
f ir s t  p o ly m e r  d e v ic e s  f a b r ic a t e d  u s in g  a  s in g le  a c t iv e  la y e r ,  s h o w e d  s m a l l  p o w e r  c o n v e r s io n  
e f f ic ie n c ie s  ( <  0 . 1 % ) . [ 1 2 ] T h e  d e v e lo p m e n t  o f  e f f ic ie n t  p o ly m e r  O P V  d e v ic e s  w a s  in i t i a t e d  
b y  t h e  d is c o v e r y  o f  u l t r a f a s t  c h a r g e  t r a n s f e r  b e t w e e n  p o l y [ 2 - m e t h o x y - 5 - ( 2 - e t h y l h e x y lo x y ) -  
1 , 4 - p h e n y le n e v in y le n e  ( M E H P P V )  a n d  b u c k m in s t e r f u l le r e n e  ( C e o )  b y  S a r i c i f t c i  e t  a l.  i n  
1 9 9 2 .  [13 ] T h i s  p h e n o m e n a  w a s  o b s e r v e d  b y  t h e  q u e n c h in g  o f  P L  o f  t h e  s e m ic o n d u c t in g  
p o ly m e r  b y  a d d in g  C 6o> A  r a p i d  d e v e lo p m e n t  o f  b i la y e r  h e t e r o ju n c t io n s  b a s e d  o n  h o le  
c a r r y in g  p o ly m e r s  a n d  C 6o f o llo w e d  t h e s e  f in d in g s .  [14 ] A  s i m i l a r  t y p e  o f  O P V  f a b r ic a t e d  
u s in g  p o ly ( p -p h e n y le n e v in y le n e )  ( P P V )  a n d  C 6o w a s  r e p o r t e d  b y  H a l l s  e t  a l .  i n  1 9 9 6  w h ic h  
s h o w e d  a  p e a k  e x t e r n a l  q u a n t u m  e f f ic ie n c y ,  d e f in e d  a s  p e r c e n t a g e  o f  e le c t r o n s  h a r v e s t e d  p e r  
in c id e n t  m o n o c h r o m a t ic  p h o t o n s ,  o f  ~  9 %  a t  4 8 8  n m .[ 1 5 ]
A n  in t e r p e n e t r a t e d ,  b u l k  h e t e r o  j u n c t io n  ( f ig u r e  1 . 1 )  t y p e  O P V  d e v ic e  f a b r ic a t e d  u s in g  
[6 ,6] - p h e n y l - C 6i  b u t y r i c  a c id  m e t h y l  e s t e r  ( P C B M ) ,  a  s o lu b le  d e r iv a t iv e  o f  G e o , a n d  p o ly ­
m e r  c o m p o s it e  w a s  d e m o n s t r a t e d  b y  Y u  e t  a l .  i n  1 9 9 5  w h ic h  s h o w e d  a n  77 o f  ~ 1 . 5 %  a t  
4 3 0  n m  m o n o c h r o m a t ic  i r r a d ia n c e .[ 1 6 ]  T h i s  in c r e a s e  i n  p e r f o r m a n c e  w a s  a t t r ib u t e d  t o  t h e  
in c r e a s e d  i n t e r f a c ia l  a r e a  b e t w e e n  t h e  d o n o r -a c c e p t o r  m o le c u le s  w h ic h  f a c i l i t a t e d  h ig h e r  
c a r r ie r  s e p a r a t io n  a s  c o m p a r e d  to  p r e v io u s  b i la y e r  O P V  d e v ic e s .  A l l - p o l y m e r  b a s e d  b u l k  
h e t e r o  ju n c t io n  p h o t o v o lt a ic  d e v ic e s  w e re  d e v e lo p e d  i n  p a r a l le l  b y  s e v e r a l  g r o u p s  in c lu d in g  
H a l l s  e t  a l .  d u r in g  1 9 9 5 .[ 1 7 ]  F r o m  t h is  p e r io d ,  b i la y e r  a n d  b u lk  h e t e r o ju n c t io n  O P V  d e ­
v ic e s  f a b r ic a t e d  f r o m  p o ly m e r -C e o  d e r iv a t iv e s  a n d  s m a l l  m o le c u le  o r g a n ic -C e o  c o m p o s it e s  
h a v e  c o n s is t e n t ly  d e m o n s t r a t e d  77 b e t w e e n  3 .5  -  4 . 5 % . [ 1 8 ]  [19 ] [20] T h i s  in c r e a s e  i n  77 w a s  
o b t a in e d  b y  p o s t - f a b r ic a t io n  t r e a t m e n t  o f  t h e  O P V  b le n d  m a i n l y  b y  t h e r m a l  a n n e a l in g  
im p r o v in g  t h e  c h a r g e  m o b i l i t y  b y  f a v o u r a b le  n a n o -s c a le  s t r u c t u r a l  r e o r d e r in g  o f  t h e  c o n ­
j u g a t e d  c h a in s .  [2 1 ]  [22] I n  o r d e r  to  f u r t h e r  in c r e a s e  p e r f o r m a n c e  o f  O P V  d e v ic e s ,  m u l t ip l e  
d o n o r -a c c e p t o r  h e t e r o  j u n c t io n s  i n  s e r ie s  a s  a  t a n d e m  a r c h it e c t u r e  w a s  e n v is a g e d .  X u e  e t  a l.  
d e m o n s t r a t e d  a  t a n d e m  O P V  d e v ic e  w it h  C u P c  a n d  C e o  w h ic h  a c h ie v e d  a n  77 o f  5 . 7 %  u n ­
d e r  A M I . 5 .[2 3 ]  I n  2 0 0 7 ,  H e e g e r  e t  a l .  r e p o r t e d  a  p o ly m e r -C e o  b a s e d  a l l - s o lu t i o n  p r o c e s s e d  
t a n d e m  O P V  d e v ic e  w h ic h  d e m o n s t r a t e d  a n  77 o f  6 %  w h ic h  is  t h e  h ig h e s t  r e p o r t e d  i n  O P V  
t e c h n o lo g y .  [24]
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1 .1.2 Organic-nanocrystal photovoltaics
D e v e lo p m e n t  o f  s e m ic o n d u c t o r  n a n o c r y s t a ls  ( N C s )  a n d  o r g a n ic  b a s e d  h y b r id  P V  d e v ic e s  
w e re  b o o s t e d  b y  t h e  f a b r ic a t io n  o f  a n  e le c t r o c h e m ic a l  p h o t o v o lt a ic  c e l l  b y  0 ’R e g a n  a n d  
G r a t z e l  i n  1 9 9 1 .  [25] A n  o r g a n ic  s e n s it iz e r  ( r u t h e m i im  d y e  c o m p le x )  w a s  s p r e a d  o n  a  m e s o - 
p o r o u s  ( n a n o c r y s t a l l in e )  la r g e  b a n d g a p  T i 0 2 ( 3 .2  e V )  la y e r ,  g r e a t ly  in c r e a s in g  t h e  e f f e c t iv e  
a r e a  f o r  c h a r g e  s e p a r a t io n ,  g iv in g  t h e  “G r a t z e l ” c e l l  a n  r) o f  1 0 . 4 % . [ 2 6 ]  T h e  N C  la y e r  o p e r ­
a t e d  a s  a n  e le c t r o n  t r a n s p o r t e r  a n d  t h e  h o le s  w e re  e x t r a c t e d  f r o m  t h e  r u t h e n iu m  d y e  v i a  
a  r e d o x  r e a c t io n .  I n  1 9 9 1 ,  A l i v i s a t o s  r e p o r t e d  t h e  n o v e l o p t ic a l  a n d  e le c t r ic a l  p r o p e r t ie s  o f  
lo w  b a n d g a p  N C s  a n d  t h e ir  p o t e n t ia l  u s e  i n  o p t o e le c t r o n ic  d e v ic e s .  [27] T h e s e  N C s ,  w h ic h  
d e m o n s t r a t e d  s iz e  t u n e a b le  b a n d g a p s  d u e  t o  q u a n t u m  c o n f in e m e n t  e ffe c ts , w e re  e n v is a g e d  
a s  b r o a d b a n d  l ig h t  a b s o r b e r s  f o r  h y b r i d  P V  d e v ic e s .  I n i t i a l  w o r k  i n  r e a l is in g  s u c h  h y b r id  
P V  d e v ic e s  w a s  c a r r ie d  o u t  i n  1 9 9 6  b y  G r e e n h a m  e t  a l.  w h o  r e p o r t e d  u l t r a f a s t  p h o t o in d u c e d  
c h a r g e  s e p a r a t io n  b e t w e e n  a  p o ly m e r  ( M E H P P V )  a n d  C d S e  N C  c o m p o s it e .  [28]
I n  2 0 0 2 , W e n d y  e t  a l.  r e p o r t e d  a n  im p r o v e d  d o n o r -a c c e p t o r  t y p e  h y b r i d  P V  d e v ic e  
f a b r ic a t e d  u s in g  r e g io r e g u la r  p o ly ( 3 - h e x y l t h io p h e n e )  ( P 3 H T )  a n d  C d S e  n a n o r o d s  w h ic h  
d e m o n s t r a t e d  a n  p  o f  1 . 7 % . [ 2 9 ]  A n  e x t e r n a l  q u a n t u m  e f f ic ie n c y  o f  5 5 %  a t  4 8 5  n m  w a s  
o b s e r v e d  a s  a  r e s u lt  o f  t h e  in c r e a s e d  in t e r f a c i a l  a r e a  f o r  c h a r g e  s e p a r a t io n  a n d  im p r o v e d  
e le c t r o n  e x t r a c t io n  b y  t h e  n a n o r o d s .  C o p p e r  i n d i u m  d is e le n id e  ( C u I n S e 2 ) N C s  w h ic h  h a v e  
s t r o n g  l ig h t  a b s o r p t io n  p r o p e r t ie s  a n d  P 3 H T  w a s  in t e g r a t e d  t o  f a b r ic a t e  a  d o n o r -a c c e p t o r  
h y b r i d  P V  b y  A r i c i  e t  a l ,  i n  2 0 0 3 . [30] A n  o p t im iz e d  h y b r i d  P V  d e v ic e  w a s  r e p o r t e d  b y  
S u n  e t  a l .  i n  2 0 0 5  w h ic h  d e m o n s t r a t e d  a n  77 o f  2 . 8 % . [ 3 1 ]  C d S e  N C s  w it h  d ir e c t io n a l  g r o w t h  
a n d  a  P P V  d e r iv a t iv e  w a s  u s e d  a s  t h e  a c t iv e  b le n d  i n  t h i s  d e v ic e  c o n f ig u r a t io n .  T h e  
im p r o v e d  p e r f o r m a n c e  w a s  a t t r ib u t e d  to  t h e  v e r t ic a l  p h a s e  s e p a r a t io n  o f  t h e  d o n o r  a n d  
a c c e p t o r  m a t e r i a l  w h ic h  r e s u lt e d  i n  N C s  s e g r e g a t in g  n e a r  t h e  e le c t r o n  e x t r a c t in g  e le c t r o d e  
a n d  t h e  p o ly m e r  a t  t h e  b o t t o m  e le c t r o d e ,  c o n s e q u e n t ly  im p r o v in g  c h a r g e  c o l le c t io n .  I n  
2 0 0 5 , S n a it h  e t  a l.  d e m o n s t r a t e d  a  h y b r i d  P V  d e v ic e  w it h  n a n o s c a le  o r d e r ,  w h e r e  v e r t i ­
c a l  p o ly m e r  c h a in  g r o w t h  w a s  i n i t i a t e d  f r o m  t h e  t r a n s p a r e n t  c o n d u c t in g  s u r f a c e  e x h ib it in g  
5 0 %  i n t e r n a l  q u a n t u m  e f f ic ie n c y .  [32] T h e  p o ly m e r  ( p o ly t r ip h e n y l a m in e  a c r y l a t e  ( P T P A A ) )  
“b r u s h e s ” w e re  c o v e r e d  w it h  t h e  C d S e  N C s  t h u s  in c r e a s in g  t h e  i n t e r f a c ia l  c h a r g e  t r a n s f e r  
a r e a .  I m p r o v in g  n a n o  s c a le  o r d e r  i n  h y b r i d  P V  d e v ic e s  w a s  f u r t h e r  in v e s t ig a t e d  b y  K a n g  
e t  a l .  w h o  r e p o r t e d  v e r t i c a l l y  a l ig n e d  C d T e  n a n o r o d  a n d  p o ly ( 3 - o c t l y t h io p h e n e )  ( P 3 0 T )  
d e v ic e  w h ic h  d e m o n s t r a t e d  a n  p  o f  1 . 0 6 % .  G u r  e t  a l.  i n  2 0 0 5  r e p o r t e d  a  n e w  g e n e r a t io n
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o f  a l l  N C  d o n o r -a c c e p t o r  P V  d e v ic e s  b a s e d  o n  C d T e  a n d  C d S e  n a n o r o d s . [33] T h i s  d e v ic e  
a r c h it e c t u r e  d e m o n s t r a t e d  t h e  h ig h e s t  rj ( 2 . 8 % )  r e p o r t e d  to  d a t e  f o r  N C  b a s e d  P V  d e v ic e s  
a n d  a ls o  e x h ib it e d  g r e a t e r  s t a b i l i t y  i n  a m b ie n t  c o n d it io n s  a s  c o m p a r e d  t o  p r e v io u s l y  i n ­
v e s t ig a t e d  h y b r i d  P V  d e v ic e s .  H o w e v e r ,  in c r e a s e  o f  p e r f o r m a n c e  w a s  a c h ie v e d  a t  a  h ig h  
t h e r m a l  b u d g e t  in v o lv e d  i n  t h e  p o s t - f a b r ic a t io n  p r o c e s s in g  m it i g a t i n g  t h e  a d v a n t a g e  o v e r  
h y b r i d  P V  d e v ic e s .
O n e  o f  t h e  k e y  l i m it a t io n s  f o r  t h e  in c r e a s e  i n  rj o f  O P V  a n d  h y b r i d  P V  d e v ic e s  w a s  
id e n t if ie d  a s  t h e  l i m i t e d  s p e c t r a l  s e n s i t iv i t y  o f  t h e  a c t iv e  m a t e r ia ls .  C o m m o n ly  u s e d  c o n ­
j u g a t e d  p o ly m e r s  w e re  f o u n d  t o  h a v e  o p t ic a l  b a n d g a p s  b e t w e e n  1 . 8  -  3 .0  e V .  F u r t h e r ­
m o r e ,  g e n e r a l ly  u s e d  N C s  a ls o  d e m o n s t r a t e d  h ig h e r  b a n d g a p s ,  l i m i t i n g  s p e c t r a l  a b s o r p t io n  
u p  t o  7 5 0  n m ,  f u n d a m e n t a l l y  r e s t r i c t i n g  t h e  a b s o r b e d  o p t ic a l  p o w e r  t o  5 3 %  o f  t h e  t o t a l  
in c id e n t  s o la r  i r r a d ia t i o n  u n d e r  A M 1 . 5 G .  A s  a  s o lu t io n  i n  2 0 0 2  B r a b e c  e t  a l .  d e m o n ­
s t r a t e d  a  d o n o r -a c c e p t o r  O P V  d e v ic e  u s in g  a  n a r r o w  b a n d g a p  p o l y - N - d o d e c y l - 2 , 5 - b i s -  
( 2 - t h i e n y l ) - p y r r o l e , 2 , l , 3 - b e n z o t h ia d ia z o l e  ( P T P T B )  p o ly m e r  a n d  P C B M  w h ic h  r e p o r t e d  
l ig h t  h a r v e s t in g  i n  t h e  n e a r  in f r a r e d  ( N I R )  r e g io n .  [34] F u r t h e r  in v e s t ig a t io n  o f  f a b r ic a t in g  
b r o a d b a n d  O P V  d e v ic e s  u s in g  N I R  s e n s it iv e  t i n  p h t h a lo c y a n in e  ( S n P c )  h a s  b e e n  r e c e n t ly  
r e p o r t e d . [35] [36] S y n t h e s is  o f  n a r r o w  b a n d g a p  P b  c h a lo g e n id e s  N C  w a s  f o u n d  t o  b e  le s s  
t r i v i a l  t h a n  s y n t h e t ic  r o u t e s  r e q u ir e d  f o r  N I R  a b s o r b in g  o r g a n ic  m a t e r ia ls .  U s e  o f  n a r ­
r o w  b a n d g a p  N C s  w a s  f u r t h e r  p r o m o t e d  b y  a  s e m in a l  in v e s t ig a t io n  b y  S c h a l le r  e t  a l .  w h o  
d e m o n s t r a t e d ,  b y  o p t ic a l  t e c h n iq u e s ,  t h e  p h e n o m e n o n  o f  m u l t i - e x c i t o n  g e n e r a t io n  i n  P b S e  
N C s  p r o m is in g  h ig h e r  r) g r e a t e r  t h a n  t h e  t h e o r e t ic a l  m a x im u m  o f  3 1 %  fo r  a  s in g le  j u n c ­
t io n  P V .[ 3 7 ] [ 3 8 ]  T h e s e  f in d in g s  c o r r o b o r a t e d  e a r l ie r  ( 2 0 0 2 )  in v e s t ig a t io n s  d o n e  b y  N o z ik  
w h o  p r e d ic t e d  m u l t i - e x c i t o n  g e n e r a t io n  i n  N C s ,  t h r o u g h  t h e  p r o c e s s  o f  im p a c t  io n iz a t io n ,  
w h ic h  w a s  s e e n  to  c o m p e t e  w i t h in  in h e r e n t  c a r r ie r  r e l a x a t io n  p r o c e s s e s  a s  c o m p a r e d  t o  b u l k  
s e m ic o n d u c t o r s .  [39] T h e r e f o r e ,  P b  c h a lo g e n id e  N C  b a s e d  h y b r i d  P V  d e v ic e s  w e re  e n v is a g e d  
a s  a p p r o p r ia t e  m a t e r ia ls  f o r  b r o a d b a n d  a b s o r b in g  h i g h l y  e f f ic ie n t  h y b r i d  P V  d e v ic e s .  I n  
2 0 0 2 ,  P l a s s  e t  a l .  r e p o r t e d  a  “G r a t z e l ” t y p e  P V  d e v ic e  s e n s it iz e d  u p  t o  8 0 0  n m  u s in g  P b S  
N C s  f o r m e d  i n - s i t u  o n  a  n a n o c r y s t a l l i n e  T i 0 2  d e m o n s t r a t in g  a n  r) o f  0 .4 9 % .[ 4 0 ]  M c D o n ­
a ld  e t  a l . ,  i n  2 0 0 4  r e p o r t e d  p h o t o c o n d u c t iv i t y  a t  in f r a r e d  w a v e le n g t h s  b e t w e e n  9 7 5  -  1 3 0 0  
n m  f r o m  a  M E H P P V - P b S  N C  c o m p o s it e .  [4 1] T h i s  w o r k  w a s  f o llo w e d  b y  a  r e p o r t  o f  P V  
b e h a v io u r  o f  t h e  id e n t ic a l  c o m p o s it e  w h ic h  d e m o n s t r a t e d  a n  in t e r n a l  q u a n t u m  e f f ic ie n c y  o f  
0 . 0 0 6 %  f r o m  t h e  s a m e  g r o u p  i n  2 0 0 5 . [42] F o l lo w in g  t h is ,  M a r i a  e t  a l.  i n  2 0 0 5 , r e p o r t e d  a  
P 3 0 T  a n d  P b S  N C  b a s e d  N I R  h y b r i d  P V  d e v ic e  w h ic h  d e m o n s t r a t e d  g r e a t e r  t h a n  - 1 0 %
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i n t e r n a l  q u a n t u m  e f f ic ie n c y  i n  t h e  N I R . [ 4 3 ]  A l t e r n a t iv e ly ,  u s e  o f  P b S e  N C s ,  w h ic h  c a n  b e  
s y n t h e s is e d  w it h  s iz e  t u n a b i l i t y  t o  a b s o r b  b e t w e e n  1 0 0 0  -  2 5 0 0  n m ,  f o r  h y b r i d  P V s  w a s  
r e p o r t e d  b y  C u i  e t  a l .  i n  2 0 0 6  e x t e n d in g  t h e  N I R  r e s p o n s e  t o  1 6 0 0  n m .[ 4 4 ]  T h e  p o s s ib i l i t y  
o f  u s in g  P b S  N C s  a s  a  s in g le  la y e r  P V  d e v ic e s  w a s  r e p o r t e d  b y  K l e m  e t a l .  i n  2 0 0 7  d e m o n ­
s t r a t i n g  a n  p  o f  0 . 5 % .[ 4 5 ]  I n  2 0 0 8 , J o h n s t o n  e t  a l .  im p r o v e d  t h is  s in g le  la y e r  S c h o t t k y  t y p e  
P b S - N C  P V  d e v ic e  t o  d e m o n s t r a t e  a n  p  o f  1 . 8 % . [ 4 6 ]
1 .2  A i m s  o f  t h e s is
T h e  d e v e lo p m e n t  o f  h y b r id  P V  d e v ic e s  u s in g  n a r r o w  b a n d  N C s  is  s t i l l  a t  a  v e r y  e a r ly  s t a g e . 
T h e r e f o r e ,  t h e  f o c u s  o f  t h is  t h e s is  i s  t h e  s y s t e m a t ic  in v e s t ig a t io n  o f  n o v e l o r g a n ic  -  n a r r o w  
b a n d  g a p  N C  P V  s y s t e m s  t o  h a r n e s s  t h e  l ig h t  h a r v e s t in g  p o t e n t ia l  o f  N C s .  U n l ik e  p r e ­
v i o u s l y  r e p o r t e d  s t u d ie s  o n  t h i s  s u b je c t ,  w h ic h  u t i l i z e d  m o s t ly  p o ly m e r s ,  t h e  c h o ic e  h e r e  
w a s  i n  t h e  u s e  o f  s m a l l  m o le c u la r  o r g a n ic  m a t e r ia ls  a n d  C e o . N a r r o w  b a n d g a p  P b S  N C  
s y n t h e s is e d  in -h o u s e  a r e  u s e d  a s  t h e  N C  c o m p o n e n t .  P r i m a r i l y ,  t h e  s u i t a b i l i t y  o f  u s in g  P b S  
N C  a s  e le c t r o n  d o n o r s ( a c c e p t o r s )  is  s y s t e m a t i c a l l y  in v e s t ig a t e d  b y  f a b r ic a t in g  b i la y e r  h e t -  
e r o ju n c t io n  d e v ic e s  w it h  o r g a n ic ( C e o )  m a t e r ia ls .  T h e  c h o ic e  o f  u s in g  b i la y e r  h e t e r o ju n c t io n  
d e v ic e s  a s  o p p o s e d  t o  b u l k  h e t e r o  j u n c t io n  ( b le n d )  w a s  m a in t a in e d  i n  o r d e r  t o  m in im is e  
t h e  c o n s t r a in t s  o n  d e v ic e  f a b r ic a t io n .  D e v ic e  p e r f o r m a n c e  w a s  c h a r a c t e r is e d  b y  c u r r e n t  
d e n s it y -v o lt a g e  ( J V )  a n d  E Q E  m e a s u r e m e n t s  to  c a lc u la t e  t h e  p  a n d  b r o a d b a n d  l ig h t  h a r ­
v e s t in g  c a p a b i l i t y  o f  t h e  s y s t e m s .  D e t a i l e d  a n a l y s is  o f  p h o t o in d u c e d  c h a r g e  t r a n s f e r  b e t w e e n  
t h e  o r g a n ic - N C  s y s t e m s  a r e  c a r r ie d  o u t  b a s e d  o n  m o le c u la r  e n e r g y  le v e l d ia g r a m s  d e r iv e d  
f r o m  d ir e c t  m e a s u r e m e n t s .  F u r t h e r m o r e ,  in v e s t ig a t io n  i n  t h e  n o v e l i n t e r f a c i a l  p h e n o m e n a  
b e t w e e n  t h e  o r g a n i c - N C  h e t e r o  j u n c t io n s  a n d  t h e ir  e ffe c t  f o r  d e v ic e  o p e r a t io n  is  a ls o  p u r ­
s u e d . O v e r a l l ,  t h e  o u t c o m e  o f  t h i s  p r o je c t  is  e x p e c t e d  t o  p r o v id e  d e t a i le d  u n d e r s t a n d in g  o f  
p r o t o t y p e  o r g a n ic - N C  h y b r i d  P V  s y s t e m s  u s e f u l f o r  t h e  f a b r ic a t io n  o f  h i g h l y  e f f ic ie n t ,  N I R  
s e n s it iv e  P V  d e v ic e s .
1.2.1 Organisation of thesis
F o l lo w in g  t h e  l i t e r a t u r e  r e v ie w  a n d  in t r o d u c t io n  t o  t h e  t h e s is  g iv e n  i n  C h a p t e r  O n e ,  t h e  
f u n d a m e n t a l  p r o p e r t ie s  o f  t h e  a c t iv e  m a t e r ia ls  u s e d  i n  t h e  p r o je c t  a r e  p r o v id e d  i n  C h a p t e r  
T w o .  I n  C h a p t e r  T h r e e ,  t h e  b a s ic  P V  d e v ic e  p h y s ic s  is  d is c u s s e d  f o llo w e d  b y  a  p r e s e n t a t io n
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o f  t h e  e x p e r im e n t a l  p r o c e d u r e s  u s e d  i n  t h e  p r o je c t  i n  C h a p t e r  F o u r .  I n  C h a p t e r  F i v e ,  a  
n o v e l b i la y e r  h e t e r o  j u n c t io n  o r g a n ic  P V  a r c h it e c t u r e  is  e x a m in e d .  I n c o r p o r a t io n  o f  N C s  
t o  f a b r ic a t e  a  d o n o r -a c c e p t o r  t y p e  N C - C e o  s y s t e m  is  p r e s e n t e d  i n  C h a p t e r  S i x  fo llo w e d  
b y  C h a p t e r  S e v e n  d e s c r ib in g  o p t im is a t io n  o f  t h is  d e v ic e  a r c h it e c t u r e .  A  d o n o r -a c c e p t o r  
s y s t e m  b e t w e e n  s m a l l  m o le c u le  o r g a n ic  m a t e r ia ls  a n d  N C s  is  s t u d ie d  i n  d e t a i l  i n  C h a p t e r  
E i g h t ,  f o llo w e d  b y  t h e  d e m o n s t r a t io n  o f  a  m u l t i ju n c t i o n  h y b r id  P V  b e t w e e n  a c e n e - N C -  
C go i n  C h a p t e r  N in e .  C h a p t e r  T e n  p r o v id e s  a  c o n c lu s io n  o f  t h e  r e s e a r c h  c o n d u c t e d  i n  t h is  
t h e s is  h ig h l ig h t in g  k e y  f in d in g s  a n d  d is c o v e r ie s .
C h a p t e r  2
Material properties
2.1  C o n ju g a t e d  o r g a n i c  m a t e r ia l s
T h e  m e c h a n ic a l  a n d  c h e m ic a l  p r o p e r t ie s  o f  p o ly m e r s  a n d  s m a l l  m o le c u le  o r g a n ic  ( S M O )  
m a t e r ia ls  h a v e  b e e n  s t u d ie d  f o r  a  lo n g  p e r io d  o f  t im e .  H o w e v e r ,  t h e ir  e le c t r o n ic  a n d  o p t ic a l  
p r o p e r t ie s  w e re  o n ly  d is c o v e r e d  i n  t h e  la t e  2 0 th c e n t u r y .  I n  1 9 7 7  C h i a n g  e t  a l .  s h o w e d  
t h a t  t h e  c o n d u c t iv i t y  o f  t r a n s -p o ly a c e t y le n e  in c r e a s e d  t o  t h e  le v e l  o f  m e t a ls  a f t e r  d o p in g  
w it h  io d in e  ( ~ 1 0 5 S c m - 1 ).[9 ] T h e  a w a r d in g  o f  t h e  N o b e l  p r iz e  i n  c h e m is t r y  i n  2 0 0 0  fo r  
S h ir a k a w a ,  H e e g e r  a n d  M a c D i a r m i d  f o r  t h is  w o r k  p r o v e d  t h e  p o t e n t ia l  a n d  i m p a c t  o f  c o n ­
d u c t in g  o r g a n ic  m a t e r ia ls  o n  e n g in e e r in g  a p p l ic a t io n s .  C o n d u c t iv e  a n d  o p t ic a l  p r o p e r t ie s  o f  
c o n ju g a t e d  o r g a n ic  m a t e r ia ls  c o n t in u e  to  b e  a c t iv e ly  r e s e a r c h e d  i n  t h e  f ie ld s  o f  e le c t r o lu m i­
n e s c e n c e , p h o t o v o lt a ic s ,  m ic r o e le c t r o n ic  a p p l ic a t io n s  a n d  e le c t r o -c h e m i-m e c h a n ic a l  d e v ic e s .  
T h e  a p p l ic a t io n  a r e a s  in c lu d e  l ig h t  e m it t in g  d io d e s  ( O L E D s ) ,  c o n d u c t in g  m a t e r ia ls  i n  m i ­
c r o e le c t r o n ic s ,  c h e m ic a l  a n d  b io lo g ic a l  s e n s o r s ,  e le c t r o -c h e m i-m e c h a n ic a l  a r t i f i c ia l  m u s c le s ,  
P V s ,  t r a n s p a r e n t  c o n d u c t iv e  c o a t in g s  a n d  r e c h a r g e a b le  b a t t e r ie s .  [47]
P o ly m e r s  a r e  m a c r o m o le c u la r  s t r u c t u r e s  c r e a t e d  b y  a  r e p e a t in g  m o le c u le  u n it  c o u p le d  
t o g e t h e r .  T h i s  u n it  m o le c u le  is  c a l le d  t h e  m o n o m e r .  T h e  i n s u la t i n g  t y p e  o f  p o ly m e r s  h a v e  
a  b a c k b o n e  o f  sp 3 h y b r id is e d  c a r b o n  a t o m s .  [8 ] P o ly e t h y le n e  is  a n  e x a m p le  o f  a n  in s u la t i n g  
p l a s t ic .  T h e  c o n d u c t iv e  a n d  s e m ic o n d u c t iv e  p r o p e r t y  o f  c o n ju g a t e d  p o ly m e r s  is  a  r e s u lt  
o f  sp 2 o r ie n t a t io n  o f  c a r b o n  a t o m s  i n  t h e  u n it  c e ll .  C a r b o n  h a s  s i x  e le c t r o n s  d is t r ib u t e d  
i n  t h e  I s ,  2 s  a n d  2 p  a t o m ic  o r b it a l s .  T h e  o u t e r  f o u r  e le c t r o n s ,  t h e  v a le n c e  e le c t r o n s ,  
p a r t ic ip a t e  i n  t h e  c r e a t io n  o f  m o le c u la r  b o n d in g .  I n  sp 2 o r ie n t a t io n  t h e  2 s  o r b i t a l  a n d
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(a ) 7t bond
F ig u r e  2 . 1 :  (a) Form ation o f  C -C  double bond (b) ic molecular orbital.
tw o  2 p  o r b it a l s  ( 2 p x a n d  2 p y ) h y b r id is e  to  c r e a t e  t h r e e  s p 2 a t o m ic  o r b it a l s  in  e a c h  c a r b o n  
a t o m  w h ic h  c a n  c r e a t e  t h r e e  a  b o n d s  w it h  o t h e r  a t o m s  s u c h  a s  c a r b o n  o r  h y d r o g e n .  T h e  
r e m a in in g  2 p  o r b it a l s  ( 2 p z ) o v e r la p  to  f o r m  7r b o n d s .  T h e  o r ie n t a t io n  o f  t h is  tc b o n d in g  
m o le c u la r  o r b i t a l  is  p e r p e n d ic u l a r  t o  t h e  p la n e  o f  t h e  t h r e e  a  o r b it a l s  ( f ig u r e  2 . 1 ( a ) ) .  T h e  
7r m o le c u la r  o r b it a l ,  c r e a t e d  b y  s id e - t o - s id e  o v e r la p  o f  t h e  2 p z a t o m ic  o r b it a ls ,  is  s h o w n  
i n  f ig u r e  2 . 1 ( b ) .  T h e  in - p h a s e  a n d  o u t -o f -p h a s e  2 p z a t o m ic  o r b it a l s  o v e r la p  t o  f o r m  t h e  
b o n d in g  ( 7r) a n d  a n t i - b o n d in g  ( t c * )  m o le c u la r  o r b i t a l s . [48] T h e  t c  o r b it a l  e n e r g y  le v e l is  
k n o w n  a s  t h e  H ig h e s t  O c c u p ie d  M o le c u la r  O r b i t a l  ( H O M O )  a n d  t h e  t c *  o r b it a l  e n e r g y  le v e l 
is  d e f in e d  a s  t h e  L o w e s t  U n o c c u p ie d  M o le c u la r  O r b it a l  ( L U M O ) .  I n  sp 2 h y b r id is e d  o r g a n ic  
m a t e r ia ls ,  a l t e r n a t iv e  s in g le  a n d  d o u b le  b o n d e d  ( c o n ju g a t e d )  c a r b o n  c h a in s  r e s u lt  in  t h e  
d e lo c a l is a t io n  o f  t h e  H O M O  a n d  L U M O  e n e r g y  le v e ls .  [10 ] T h e  e le c t r o n ic  p r o p e r t ie s  o f  s u c h  
o r g a n ic  m a t e r ia ls  is  f u n d a m e n t a l l y  d e p e n d e n t  o n  t h e  e n e r g y  g a p  ( E g ) b e t w e e n  t h e  H O M O  
a n d  L U M O  e n e r g y  le v e ls .  E g is  u n d e r s t o o d  to  b e  l in k e d  t o  t h e  c o n ju g a t io n  le n g t h  a n d  c h a in  
d is t o r t io n s  ( d im e r iz a t io n )  o f  t h e  o r g a n ic  m a t e r ia l .  [8 ] [49] T y p i c a l  v a lu e s  o f  s e m ic o n d u c t iv e  
o r g a n ic  m a t e r ia l  E g a r e  f o u n d  t o  b e  b e t w e e n  1 . 4  -  3 .0  e V .
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2.1.1 Charge particles in conducting organic materials
2 .1 .1 .1  Solitons and polarons
T h e  c h a r g e  c a r r y i n g  s p e c ie s  o f  o r g a n ic  m a t e r ia ls  a r e  s o l it o n s ,  p o la r o n s ,  b ip o la r o n s  a n d  
e x c it o n s .  T h e s e  c h a r g e  c a r r ie r s  a r e  c r e a t e d  b y  m e a n s  o f  d is t o r t io n  o f  t h e  c h a r g e s  w it h in  
t h e  b o n d s  a n d  b o n d  le n g t h s ,  g e n e r a l ly  t e r m e d  a s  d e fe c t s , in  t h e  c o n ju g a t e d  b a c k b o n e .  [8 ] 
S o l it o n s  a r e  c r e a t e d  i n  p o ly m e r s  s u c h  a s  p o ly a c e t y le n e  w h ic h  h a s  a  d e g e n e r a t e  g r o u n d  s t a t e  
( f ig u r e  2 . 2 ( a ) ) .  F o r m a t io n  o f  a  s o l it o n  c r e a t e s  a  s in g le  d e fe c t  e n e r g y  s t a t e  b e t w e e n  t h e  
p r im a r y  H O M O  a n d  L U M O  le v e ls  w h ic h  c a n  b e  d o p e d  u s in g  e le c t r o n  d o n o r s ( a c c e p t o r )  to  
f o r m  n e g a t iv e  ( p o s it iv e )  s o l it o n s .  M o s t  c o n d u c t iv e  p o ly m e r s  h a v e  n o n -d e g e n e r a t e  g r o u n d  
e n e r g y  le v e ls ,  t h u s  a n y  d e fe c t  w o u ld  e x c it e  t h e  m o le c u le  in t o  a  h ig h e r  e n e r g y  le v e l .  T h e  
e x c it e d  m o le c u le  w o u ld  r e la x  t o  a  lo w e r  s t a t e  b y  c a p t u r in g  a  fre e  e le c t r o n  f r o m  a n  i m p u r i t y  
o r  b y  c r e a t in g  f u r t h e r  d e fe c t s . T h e r e  w o u ld  b e  a  d e fe c t  a s s o c ia t e d  w it h  a  c h a r g e  lo c a l is e d  to  
a  fe w  m o n o m e r s .  T h i s  k i n d  o f  a  q u a s i - p a r t ic le  is  n a m e d  a s  a  p o la r o n  a n d  t h e  f o r m a t io n  o f  
p o la r o n s  in  a  p o ly t h io p h e n e  c h a in  is  s h o w n  i n  f ig u r e  2 . 2 ( b ) .  T h e r e  c a n  b e  p o s it iv e  p o la r o n s
^ CH2
■LUMO
trans-polyacetylene ■ ■ H O M O
neutral soliton 
negative soliton 
positive soliton
(a )
■LUMO 
^HHHHOMO
L U M O  
H O M O  
■LUMO
poly-thiophene
positive polaron
negative polaron
positive bi- polaron
■LUMO
H O M O
negative bi- polaron
(b)
‘L U M O
O M O
F i g u r e  2 . 2 :  Formation o f  (a) Solitons and (b) Polarons(bi-polarons) species in conjugated organic 
materials.
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( P + ) a n d  n e g a t iv e  p o la r o n s  ( P ~ )  d e p e n d in g  o n  t h e  t y p e  o f  c h a r g e  a s s o c ia t e d  w it h  t h e  d e fe c t  
i n  t h e  m o le c u le .  T h e  p o la r o n  w o u ld  r e s u lt  i n  tw o  e n e r g y  s t a t e s  b e t w e e n  t h e  H O M O  a n d  
L U M O  la y e r s  w h ic h  a r e  lo c a l is e d  to  a  fe w  m o n o m e r s .  E x t e r n a l l y  in je c t e d  c h a r g e s  w o u ld  
t r a v e l  w it h in  t h e s e  e n e r g y  le v e ls  c o n d u c t in g  a  c u r r e n t .  F u r t h e r m o r e ,  v a r ia n t s  o f  p o la r o n s  
e x is t  i n  c o n d u c t iv e  o r g a n ic  m a t e r ia ls  a s  b i - p o la r o n s  ( F ig u r e  2 .2 ( b ) ) .
2.1.1.2 Excitons
W h e n  a  p h o t o n  is  a b s o r b e d  b y  a  p o ly m e r ,  a n  e le c t r o n  f r o m  t h e  H O M O  le v e l is  e x c it e d  t o  
t h e  L U M O  le a v in g  b e h in d  a  p o s i t iv e l y  c h a r g e d  h o le .  T h e s e  e x c it e d  c h a r g e s  a r e  lo c a l is e d  
i n  t h e  s a m e  c h a in  a n d  a r e  b o u n d  b y  a  c o u lo m b  fo rc e . A  q u a s i - p a r t ic le  f o r m e d  b y  t h e  
b o u n d  e le c t r o n -h o le  p a i r  is  k n o w n  a s  a n  e x c it o n .  I n  a n  in o r g a n ic  s e m ic o n d u c t o r  m a t e r ia l ,  
a n  a b s o r b e d  p h o t o n  w i l l  c r e a t e  a  lo n g  r a n g e  M o t t - W a n n i e r  t y p e  e x c it o n  w h ic h  c a n  b e  
a p p r o x im a t e d  t o  a  f re e  e le c t r o n  a n d  a  h o le .  C o m p a r e d  t o  t h e  in o r g a n ic  m a t e r ia l ,  t h e  
lo w e r  d ie le c t r ic  c o n s t a n t  a n d  s c r e e n in g  i n  o r g a n ic  m a t e r ia l ,  r e s u lt s  i n  a  g r e a t e r  c o u lo m b ic  
a t t r a c t io n  b e t w e e n  t h e  g e n e r a t e d  e le c t r o n -h o le  p a ir .  F u r t h e r m o r e ,  t h e  w a v e  f u n c t io n s  o f  
t h e  e le c t r o n  a n d  h o le  i n  a n  o r g a n ic  m a t e r ia l  a r e  m u c h  m o r e  s p a t i a l l y  r e s t r ic t e d  d u e  t o  
t h e  n o n -c o v a le n t  in t e r a c t io n  b e t w e e n  o r g a n ic  m o le c u le s .  T h e r e f o r e ,  s h o r t  r a n g e ,  h i g h l y  
b o u n d  F r e n k e l  o r  c h a r g e  t r a n s f e r  ( C T )  t y p e  e x c it o n s  a r e  t y p i c a l l y  g e n e r a t e d  i n  o r g a n ic  
m a t e r ia ls .  [50] [49] F u r t h e r m o r e ,  c o u p l in g  o f  P +  a n d  P “  p o la r o n  p a i r  a ls o  c r e a t e s  a n  e x c it o n  
a n d  is  t h e  w o r k in g  p r in c i p l e  o f  a n  O L E D .  A n a lo g o u s ly ,  a n  e x c it o n  c a n  d is s o c ia t e  i n  t o  a  
p a i r  o f  p o la r o n s ,  u n d e r  f a v o u r a b le  c o n d it io n s ,  w i t h in  a  c o n ju g a t e d  o r g a n ic  m a t e r ia l .  T h i s  
f u n d a m e n t a l  p r o c e s s  is  t h e  c o r n e r  s t o n e  i n  e x c it o n ic  p h o t o v o lt a ic  d e v ic e s .  [8 ]
2 .1.2 Photophysics of conjugated materials
O r g a n ic  m a t e r ia ls  a b s o r b  p h o t o n s  b y  e x c it in g  e le c t r o n s  f r o m  b o n d in g  to  a n t i - b o n d in g  m o le c ­
u l a r  o r b it a ls .  E x c i t e d  m o le c u la r  s t a t e s  c a n  b e  e it h e r  s in g le t  o r  t r i p le t  o r b it a l s  d e p e n d in g  o n  
t h e  o r ie n t a t io n  o f  s p in .  S in g le t s  h a v e  o p p o s it e  s p in  v a lu e s  i n  t h e  g r o u n d  a n d  e x c it e d  s t a t e s ,  
t h u s  c a l le d  p a ir e d  s t a t e s .  C o n v e r s e ly ,  t r ip le t s ,  w h ic h  h a v e  s a m e  s p in  v a lu e s  b e t w e e n  t h e  
g r o u n d  s t a t e s  a n d  e x c it e d  s t a t e s ,  a r e  c a l le d  u n p a ir e d  s t a t e s .  A b s o r p t io n  o f  a  p h o t o n ,  w h ic h  
is  a  s p in  o n e  p a r t ic le ,  e x c it e s  a n  e le c t r o n  w i t h in  a  s in g le t  s t a t e  a c c o r d in g  t o  t h e  s e le c t io n  
r u le s  i n  q u a n t u m  m e c h a n ic s .  [5 1]  A s  s h o w n  f r o m  t h e  f ig u r e  2 . 3 ,  t h e  e x c it e d  e le c t r o n  c a n
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F ig u r e  2 .3 :  Optical excitation processes in a photoactive organic material.
r e l a x  v i b r a t i o n a l l y  t h r o u g h  e m is s io n  o f  p h o n o n s  to  lo w e r  s in g le t  s t a t e s .  R a d i a t i v e  r e c o m b i­
n a t io n ,  f lu o r e s c e n c e , c a n  o c c u r  w h e r e  t h e  e x c it e d  e le c t r o n  r e l a x  t o  t h e  g r o u n d  s t a t e  e m it t in g  
a  p h o t o n .  V i b r a t i o n a l  r e l a x a t io n  a n d  f lu o r e s c e n c e  o c c u r  w i t h in  f e m t o s e c o n d s  ( 1 0 - 1 5 ) a n d  
n a n o s e c o n d s  ( 1 0 ~ 9) r e s p e c t iv e ly .  [8] R e la x a t io n  c a n  a ls o  h a p p e n  t h r o u g h  in t e r n a l  c o n v e r s io n  
p a t h w a y s  a n d  b y  e m is s io n  o f  p h o n o n s  w h ic h  a r e  t e r m e d  a s  n o n - r a d i a t i v e  r e c o m b in a t io n s .  
F u r t h e r m o r e ,  a n  e x c it e d  e le c t r o n  c a n  m o v e  f r o m  a  s in g le t  s t a t e  t o  a  t r i p le t  s t a t e  b y  in ­
t e r n a l  e n e r g y  t r a n s f e r  m e t h o d s  s t r e n g t h e n e d  b y  s p in - o r b it  c o u p l in g  w h ic h  r e s u lt s  f r o m  a n  
in t e r a c t io n  b e t w e e n  t h e  o r b i t a l  a n d  s p in  a n g u la r  m o m e n t u m .  E x c i t e d  t r i p le t  s p e c ie s  c a n  
h a v e  lo n g  l i f e t im e s  i n  t h e  o r d e r  o f  m ic r o s e c o n d s  u p  t o  h u n d r e d s  o f  m il l is e c o n d s .  T h e s e  
t r i p le t s  e v e n t u a l l y  r e l a x  b y  n o n - r a d i a t i v e  p a t h w a y s  a n d  b y  a  r a d i a t i v e  p r o c e s s e s  t e r m e d  
p h o s p h o r e s c e n c e .  P L  e m is s io n  p e a k  in d ic a t e s  a  r e d  s h if t  f r o m  t h e  a b s o r p t io n  p e a k  i n  t h e s e  
m o le c u la r  m a t e r ia ls  a n d  is  t e r m e d  a s  a  “S t o k e s  s h i f t ” . T h i s  S t o k e s  s h if t  i s  a t t r ib u t e d  to  t h e  
r e c o n f ig u r a t io n  o f  t h e  t r a n s ie n t  e n e r g y  s t a t e ,  w h ic h  is  t h o u g h t  t o  o c c u r  i n  t h e s e  m o le c u la r  
s y s t e m s  a s  a  r e s u lt  o f  t h e  p h o t o e x c it a t io n  p r o c e s s .  T h e  e n e r g y  d if f e r e n c e  r e s u l t in g  f r o m  t h e  
S t o k e s  s h if t  is  c a l le d  t h e  F r a n c k - C o n d o n  e n e r g y .  [8 ]
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2.1.3 Energy transfer mechanics in organic materials
2.1.3.1 Forster Energy Transfer
T r a n s f e r  o f  e x c it a t io n  s t a t e s  b e t w e e n  c o n ju g a t e d  o r g a n ic  m o le c u le s  is  c r u c i a l  fo r  o p t o  a n d  
n a n o  e le c t r o n ic  d e v ic e  o p e r a t io n .  F o r s t e r  a n d  D e x t e r  t y p e  m e t h o d s  a r e  u n d e r s t o o d  a s  
f u n d a m e n t a l l y  im p o r t a n t  i n  t h i s  r e g a r d .  F o r s t e r  r e s o n a n c e  e n e r g y  t r a n s f e r  m e c h a n is m  is  a  
d ip o l e -d ip o le  in t e r a c t io n  o f  t h e  e x c it a t io n  e n e r g y  b e t w e e n  a  d o n o r  ( D )  a n d  a n  a c c e p t o r  ( A )  
m o le c u le s .  T h e  t r a n s f e r  o f  t h e  e n e r g y  is  p r o p o r t io n a l  t o  t h e  in v e r s e  o f  t h e  s ix t h  o r d e r  o f  t h e  
D *  a n d  A  s e p a r a t io n  R ^ a , w h e r e  D *  is  t a k e n  a s  t h e  e x c it e d  s t a t e  o f  t h e  d o n o r .  R a t e  o f  t h e  
e n e r g y  t r a n s f e r  is  g iv e n  b y  t h e  e q u a t io n  ( 2 . 1 )  w h e r e  Rq is  d e f in e d  a s  t h e  F o r s t e r  le n g t h  a t  
w h ic h  t h e  r a t e  o f  e n e r g y  t r a n s f e r  b y  t h e  F o r s t e r  m e c h a n is m  is  e q u a l  t o  t h a t  o f  f lu o r e s c e n c e  
e n e r g y  t r a n s f e r  o f  t h e  d o n o r  w it h  a n  e x c it o n  l i f e t im e  o f  r . [ 8]
^ ( f l ) = 6 ) G £ ) 6 (2 j)
R t  =  1 . 2 5  x  l O 1 7 ^ -  J  F D ( P ) a A ( P ) +  ( 2 .2 )
Rq i s  o b t a in e d  b y  e q u a t io n  (2 .2 ) w h e r e  </># is  t h e  q u a n t u m  e f f ic ie n c y  o f  t h e  d o n o r  e m is s io n ,  
n is  t h e  r e f r a c t iv e  in d e x  o f  t h e  h o s t  m e d iu m ,  F jj{u) i s  t h e  f lu o r e s c e n c e  s p e c t r u m  o f  t h e  
d o n o r ,  a g {P )  i s  t h e  a b s o r p t io n  o f  t h e  a c c e p t o r  m o le c u le  a n d  D is  t h e  f r e q u e n c y .  T y p i c a l  
F o r s t e r  d is t a n c e  c a n  b e  u p  to  1 0  n m .  S p i n  o f  b o t h  D  a n d  A  m u s t  b e  c o n s e r v e d  fo r  a  
d ip o le -d ip o le  t y p e  e n e r g y  t r a n s f e r  t o  o c c u r  w i t h in  a  m o le c u la r  s y s t e m .  A l lo w e d  t r a n s it io n  
a r e  g iv e n  i n  e q u a t io n  ( 2 .3 )  a n d  ( 2 .4 )  w h e r e  D *  is  d o n o r  e x c it e d  s in g le t  s t a t e ,  D l  i s  d o n o r  
g r o u n d  s in g le t  s t a t e ,  A f  is  a c c e p t o r  e x c it e d  s in g le t  s t a t e ,  A\ is  a c c e p t o r  g r o u n d  s in g le t  s t a t e ,  
A 3 is  a c c e p t o r  g r o u n d  t r i p le t  s t a t e  a n d  A |  is  a c c e p t o r  e x c it e d  t r ip le t  s t a t e .  T r a n s i t io n s  s u c h  
a s  D l  +  A i  — > D i  +  A l  w h e r e  D |  i s  d e f in e d  a s  a  d o n o r  e x c it e d  t r i p le t  s t a t e  a r e  f o r b id d e n  
i n  F o r s t e r  t y p e  t r a n s f e r  d u e  t o  l a c k  o f  s p i n  c o s e r v a t io n  b e t w e e n  t h e  D  a n d  A .  [52]
D\ +  Ai — > Di +  A{ (2.3)
Dt +  A3 D l +  A I (2.4)
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2.1.3.2 Dexter type transfer
D e x t e r  p r o c e s s  is  a n o t h e r  t y p e  o f  e n e r g y  t r a n s f e r  m e c h a n is m  b e t w e e n  o r g a n ic  m o le c u le s  
o p e r a t in g  i n  s h o r t e r  d is t a n c e s  ( 1  n m ) .  U n l i k e  t h e  F o r s t e r  m e t h o d  w h ic h  r e q u ir e s  s p in  c o n ­
s e r v a t io n  fo r  t h e  t r a n s it io n s ,  t h e  D e x t e r  t y p e  c a n  t r a n s f e r  e n e r g y  b e t w e e n  t r i p l e t - t r ip l e t  
s t a t e s .  T h e  e x c it e d  e le c t r o n  a n d  t h e  h o le  p h y s i c a l l y  m ig r a t e  f r o m  o n e  m o le c u le  t o  a n ­
o t h e r  t h r o u g h  d if f u s io n  i n  t h e  D e x t e r  p r o c e s s .  T h e r e  s h o u ld  b e  a d e q u a t e  m o le c u la r  o v e r la p  
b e t w e e n  t h e  d o n o r  a n d  t h e  a c c e p t o r  s p e c ie s  f o r  t h i s  d if f u s io n  t o  h a p p e n  t h u s  t h e  D e x t e r  
p r o c e s s  h a s  a  s h o r t e r  r a n g e  t h a n  t h e  F o r s t e r  m e c h a n is m .
27T /’
Pda =  y Z '  J  ( 2 .5 )
Z 2 =  e x p f z ™ ± )  (2.6)
\ -L'mo /
kBT kekh ( 2 .7 )
T h e  p r o b a b i l i t y  o f  D e x t e r  e n e r g y  t r a n s f e r  is  g iv e n  b y  e q u a t io n  ( 2 .5 )  w h e r e  Z  i s  d e f in e d
b y  e q u a t io n  (2 .6 ) .  R ^ a a n d  L mo a r e  t h e  in t e r m o le c u la r  s p a c in g  a n d  t h e  e f f e c t iv e  a v e r a g e
B o h r  r a d i u s  o n  t h e  m o le c u la r  o v e r la p  r e s p e c t iv e ly .  F ci a n d  F a a r e  t h e  n o r m a l is e d  e m is s io n  
s p e c t r u m  a n d  t h e  n o r m a l is e d  a b s o r p t io n  s p e c t r u m  o f  t h e  d o n o r  a n d  a c c e p t o r  r e s p e c t iv e ly .  
T h e  r a t e  o f  e n e r g y  t r a n s f e r  i n  t h e  D e x t e r  p r o c e s s  (Ic e t)  is  g iv e n  b y  t h e  e q u a t io n  ( 2 .7 )  w h e r e  
ke a n d  kh r e p r e s e n t s  t h e  e le c t r o n  a n d  h o le  t r a n s f e r  r a t e s  f r o m  t h e  d o n o r  t o  t h e  a c c e p t o r .  
I n  t h e  D e x t e r  p r o c e s s  t h e  t r a n s it i o n  s u c h  a s  +  A \  — » D \  +  A ^  w h ic h  a r e  f o r b id d e n  in  
t h e  F o r s t e r  m e t h o d s  a r e  a llo w e d .  [8]
2.1.4 Charge transport in organic materials
2.1.4.1 General model of charge transport
T h e  m o d e l o f  c o n d u c t io n  a s s o c ia t e d  w it h  c o n ju g a t e d  o r g a n ic  m a t e r ia ls  is  d if f e r e n t  t o  m e t a ls .  
S in c e  t h e s e  m o le c u la r  m a t e r ia ls  s h o w  a  g r e a t e r  d e g r e e  o f  d is o r d e r  a n d  lo c a l is a t io n  o f  e n e r g y  
le v e ls ,  t h e  M o t t  v a r ia b l e  r a n g e  h o p p in g  ( V R H )  m o d e l  is  u s e d . [8] [53] T h e  M o t t  m o d e l  i n  
i t s  g e n e r a l f o r m  is  d e s c r ib e d  b y  e q u a t io n  ( 2 .8 )  w h e r e  T o  is  g iv e n  b y  e q u a t io n  ( 2 .9 ) .  T h e
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terms in these equations are: d is the dimensionality of the system, c\ is the proportionality 
constant, ctq is a temperature dependent prefactor, L is localisation length, N(Ep) is the 
density of states at the Fermi level, kg is the Boltzmann constant and T is the temperature.
cr — croexp T (2 .8)
To =  ci/(fcBJV ( E F ) L d )  (2.9)
2 .1.4.2 Carrier mobility in organic materials
H — v/E (2.10)
Carrier mobility (p) is the key parameter quantifying charge transport in conjugated materi­
als. Definition of p is given by equation (2.10) where v and E are charge velocity and applied 
electric field respectively. Furthermore, p is related to both charge transfer processes of drift 
and diffusion. Conjugated organic materials can be categorised as electron(hole) carriers 
depending on their electron (hole) mobilities defined as pe(pil). Typically, Time-Of-Flight 
(TO F), Field Effect (FE), electroluminescence measurement in OLEDs, measurement of 
space charge currents and diffusion measurements using magnetic resonance are used to
determine p in these materials, p is critically influenced by parameters such as molec­
ular packing, disorder, impurities, temperature, electric field, charge carrier density and 
pressure. [54]
2 .2  S e m i c o n d u c t o r  n a n o c r y s t a l s  ( N C s )
Nanoparticles of metals and semiconductors exhibit distinctly different electronic and spec­
troscopic properties to that of the bulk materials. [55] These size effects are visible when the 
electron (holes) wavefunctions in a semiconductor are suppressed in one or more dimension 
to less than the exciton-Bohr radius (a # ) of the material. [56] a#  is defined in equation 
(2.11) where e is the bulk dielectric constant of the semiconductor and ra* is the effective 
mass. [57] rn* is obtained by the electron (m*) and hole (rnf) effective masses as shown in 
equation (2.12). Typical values of ag for commonly used semiconductors are given in table 
2 .1 .
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47reh2 .
ae =  ( )
“  =  A  +  A -  (2 -12 )m* m*
Material me ™>h Eg (eV) clb (nm)
CdSe 0.13 0.45 1.84 5.5
Silicon 0.98 0.16 1.17 4.6
PbS 0.11 0.11 0.40 20.0
InAs 0.023 0.4 0.41 34.0
InP 0.077 0.64 1.42 9.5
GaAs 0.067 0.082 1.52 14.0
CdS 0.21 0.8 2.6 3.0
PbSe 0.07 0.06 0.28 46.0
Table 2.1: Exciton-Bohr radii of commonly used semiconductors.
Depending on the degree of confinement quantum wells (one dimensional), quantum rods 
(two dimensional) and quantum dots (three dimensional) are defined. The figure 2.4 shows 
the density of states (DOS) of a  semiconductor with different degrees of confinement. [27] 
NCs which are also known as quantum dots have a distribution of discrete (quantised) 
atomic-like DOS. Furthermore, energy gap between the highest and lowest quantum quan­
tised energy levels in the valence and conduction orbitals respectively is dependent on the 
NC size and is generally larger than the bulk bandgap. Energy gap tunability is useful for 
fabrication of novel light emitting devices, lasers, biological sensors and photovoltaics.
2.2.1 NC synthesis techniques
NC are fabricated by molecular beam epitaxy, lithographic methods and colloidal tech­
niques. Colloidal synthesis techniques are low cost, highly reproducible and produce uni­
form crystal size (mono-dispersed) assemblies of nanocrystals. In this technique, two 
organometallic precursors are reacted to form crystallites in an organic coordinating solvent 
shown schematically in figure 2.5. The nucleation is controlled by changing the process tem­
perature, precursor concentration and also the coordinating solvent. NCs typically consist
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Figure 2.4: Density of states (DOS) with degrees of confinement.
of 1000 - 10000 atoms. As the NC size decreases the percentage of atoms residing in the
surface increases. Increase of the surface atoms commensurately increases the surface en­
ergy of the NC leading to oxidisation of the crystal. Furthermore, increase in surface atoms 
also increases the surface states which appear as energy levels within the bandgap of the 
NC. Similar to bulk materials these trap states affect the desired photophysical aspects of 
the NC. Therefore, to prevent oxidation and reduce surface states, practically synthesised 
NCs are bound by another material with typically a  larger bandgap in a process is known as 
“passivation” . The passivating materials (ligands) are usually short alkyl chains. Further to 
making the NCs more stable in ambient conditions and passsivating traps, these organic lig­
ands improve the dispersion of NC in organic solvents and also prevents aggregation. [27] [55]
Injection of precursor Precursor supply depleted
Driven by decomposition
Surfactants
• • • • •
• • •
*  o  * ©
Rapid nucleation Growth of nuclei Growth terminated
Figure 2.5: Generic synthesis route of colloidal NC.[55]
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2.2.2 Energy level calculation of NCs
The mathematical models which describe energy states of the electrons and holes within a 
NC takes two major aspects into consideration. One is the crystalline nature of the nano­
particles. The second is the quantum confinement effect due to the diameter of the NC being 
smaller than the exciton-bohr radius of the material. An elementary model based on the 
effective mass approximation (EMA) and “particle in a infinite potential well” treatment is 
discussed below. For the application of EMA, it is assumed that the lattice properties and 
the carrier effective mass of the infinite crystal (bulk) are preserved in the NC when the 
particle size is greater than the lattice constant.[58] Discrete wave functions obtained by the 
particle in an infinite potential well model are written as Bloch functions approximating 
the bulk behaviour in the EMA model. [56] For greater accuracy the confinement potential 
of the particle is thought to be spherical with boundary conditions given by equation (2.13)
where, a is the radius of the spherical infinite potential well and V(r) is the potential
distribution.
I 0 r < a
V(r) = { (2.13)
I oo r > a
The time-independent Schrodinger equation is given by (2.14) where the Hamiltonian op­
erator (H) is defined by equation (2.15). The term m* in equation (2.15) is the effective 
mass of a  particle. In spherical polar co-ordinates, V is defined by equation (2.16).
HT/ =  (2.14)
H =  + V(r) (2.15)
1 d (  2 d \  1 d (  , „ d \  1 d2
^  r 2 dr \  dr J r2sin6 d9 \™ ^d0)  r2sin29 dfi2 (2.16)
Solutions to the time-independent Schrodinger equation for a particle in an infinite spherical 
potential, defined by condition (2.13), are given by equation (2.17). The terms Y(m(9) fi) and 
jl(knyr) are the spherical harmonic and the Ith order spherical Bessel function, respectively. 
Wavenumber, knj  defined by equation (2.18) where aUji represents the nth zero of ji(knjr).
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Figure 2.6: Energy levels of a semiconductor nanocrystal.
The I, m, and n are the primary quantum numbers defining the system. The derivation 
of the solution given by (2.17) is given in detail in the appendix (A). The energy of the 
particle confined to this potential well is given by equation (2.19) where, rn* is the effective 
mass of the particle.
,T .  ,r „ r h(K,ir)Yr{9,<f) (2.17)
an,l
Eji,1 2m* a2
(2.18)
(2.19)
'hr) =  Un(2 .20)
To complete the model, the bulk approximation of the wavefimctions given by the equation 
(2.17) are written as Bloch functions given in equation (2.20).[56][59] Here, Uno is the 
periodic Bloch function which is obtained by the bulk material. The f Sp(r) is taken by 
equation (2.17) derived above.
To obtain the excitonic energy levels in a nanocrystal, shown in figure 2.6, confinement 
of both the electron and the hole has to be considered. First exciton energy level (E\seiSh,)i
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given in equation (2 .2 1), is derived using the quantised electron (hole) energy levels obtained 
by equation (2.19). In equation (2.21) the parameters Eg, m* and mf are taken as the bulk 
bandgap, the electron and the hole effective mass respectively.
li2a2 o /  1 1 \
E^ h =  Eg +  ^ ( —  + —J  (2 .2 1 )
To get a more accurate picture of the electronic behaviour within a quantum dot, the 
coulombic interaction between the electron and the hole needs to be considered. A more 
detailed Hamiltonian is given in equation (2.22) which takes in to account all the effects 
within a NC where Ve and Vh are the potential functions of the electron and the holes, re 
and rh are the distances of the respective particles from the centre of the NC and e is the 
bulk semiconductor dielectric constant.[58]
fc2v72 h2V 2 p2
H = + --TT-+ - -7 7 + ve(re) + Vh(rh) (2:22)2m* 2m j e|re -  rh\
The k-p approach to calculate the electronic structure of a NC is a more improved model 
than the effective mass approximation model discussed above. [56] More complicated meth­
ods such as empirical pseudopotential methods which provides an atomistic description of 
the system gives highly accurate energy level calculation of these NC systems. [60]
2.2.3 Optical properties of NCs
As stated earlier, size dependent quantisation of the energy levels (shown in figure 2.6) 
found in NCs results in novel optical properties which could potentially be exploited for 
the fabrication of optoelectronic devices. A typical absorption spectrum of NC sample, as 
shown in figure 2.7, demonstrates distinct absorption peaks on top of bulk-like absorption 
background. [61] The principle absorption peak is explained by photoexcitation between the 
first excited states (S* - S^). Secondary absorption peaks are related to higher energy levels 
found in the NC. These absorption peaks are quite similar to absorption spectra obtained 
from molecular organic materials. However, unlike the organic materials, the NC preserve a 
crystalline bulk-like nature which is demonstrated by the steady increase of the absorption 
similar to the bulk material. Furthermore, a characteristic Gaussian shaped first absorption 
peak is universally obtained from an ensemble of NCs attributed to the size distribution in 
the sample.
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Figure 2.7: Absorption spectra of PbSe nanocrystals raging from. 2.6 nm to 9.5 nm diameter. The 
first absorption peaks (particle diameter) are as following: (a) A = 1.14 pm(d =  2.6 nm); (b) A 
= 1.27 pm (3.7 nm); (c) A — 1.40 pm (4.7 nm); (d) A = 1.50 pm(5.2 nm); (d) A = 1.60 pm (5.7 
nm); (f) A = 1.71 pm (6.2 nm); (g) A — 1.81 pm (6.6 nm); (h) A =  2.04 pm(7.6 nm); (i) A = 2.21 
pm(9.6 nm) (Reproduced from Ref. [61]).
Photoexcitation between the ground level and excited energy levels occurs generating 
a bound electron-hole pair identical to mechanisms discussed earlier. As in the case of a 
bulk material, the hot electrons and holes settle into initial thermal equilibrium by carrier 
collision and scattering (thermalisation). This process occurs rapidly (<100 fs). After 
thermalisation, the hot carriers lose energy further by carrier-phonon interactions. Further 
relaxation of hot electrons can happen by means of the Auger process. In an Auger process, 
an excited electron would relax to the ground state, exciting a hole to a higher energy state 
in the valence band. In most cases, the effective mass of a hole is greater than the electron 
effective mass, making the relaxation time of the hole smaller than an electron. Hence, an 
Auger process is also a competing process to phonon assisted relaxation in nanocrystals.
tc ~ u> 1e x p (A E /k T ) (2.23)
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As opposed to the hot carrier life time (rc) observed for bulk materials 1 picosecond), in 
NCs, the rc can increase up to 100 picoseconds. Increase in re is attributed to the reduced 
scattering of the excited electrons as a result of the greater energy separation between 
the excited states with respect to the optical phonon energy in the NC. This phenomenon 
is also known as the “phonon bottleneck” . Equation (2.23) gives the carrier relaxation 
time where uj is the phonon frequency and A E is the energy separation between quantised 
levels. Therefore, when A E is increased (> 0.2 eV) rc is also seen to increase (> 100 
picosecond). [58] Increased charge carrier life time is a highly desirable property found in 
NCs, which is exploited for the photon harvesting in photovoltaics.
2 .2 .3.1 Photoluminescence in NCs
Excited electrons (holes) relax to the ground state by radiative or non-radiative recombina­
tion. The PL peak is typically observed to be red-shifted with respect to the absorption 
peak, similar to organic materials discussed earlier. A schematic illustration of the radiative 
recombination processes found in NCs is presented in figure 2.8. The photoluminescence 
excitation spectrum (PLE), which closely follow the absorption spectra of the NCs, show 
peaks corresponding to the higher energy optically allowed energy states (E ^si, E ^ st) in 
the NCs. Experimentally observed PL peak of the NCs is thought to correspond to a 
lower energy state (Esiow) (< E ^ s j . The origin of this Es[ow state is not definitively ex­
plained. However, postulates based on the existence of an intrinsic orbital(spin) forbidden 
state and also on an extrinsic surface defect state are put forward as likely candidates to 
explain this Esiow state.[62] As shown from figure 2.8, the red-shift in energy between the 
absorption - PL peak (Stokes shift) is found to be dependent on the excitation energy. A 
“non-resonant Stokes shift” (Anonres) results from the de-excitation from all NCs in the 
sample under higher energy excitation, shown schematically as “global excitation” in figure 
2.8. By selectively exciting the lowest bandgap NC, a narrower PL emission is obtained 
with a smaller Stokes shift which termed the “resonant Stokes shift” (Ares) which is also 
known as the intrinsic Stokes shift of a NC. Therefore, both the absorption and PL spectra 
of NCs clearly depend on NC size distribution. The Full Width at Half Maximum (FWHM) 
of the absorption(emission) spectra correlates to the size distribution of the NC sample.
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Figure 2.8: Schematic illustration of the PL in NCs. (a) Energy level of an ensemble of NCs 
where EpZtf Epast are higher energy optically allowed states, Esiow is the lower energy optically 
forbidden states and Eg is the ground state, (b) Photoluminescence excitation spectrum of the NCs. 
(c) PL intensity of the NCs when the sample is excited at an energy above the absorption peak of 
the thereby globally exciting all the NCs. (d) PL intensity when the larger diameter NCs (smallest 
bandgap) are selectively excited also known as the fluorescence line narrowing (FLN). Ares and 
Anonres are known as the resonant and non-resonant Stokes shift respectively. (Reproduced from 
Ref. [62]).
C h a p t e r  3
Photovoltaic device physics
3 .1  P h o t o v o l t a i c  p r i n c i p l e
The sun produces a vast amount of energy in the form of electromagnetic radiation. Nearly 
all solar power incident upon earth is contained in photons within the energy range of 0,5 
- 4.0 eV. By approximating the sun to a  black body at a temperature of 5760 K, shown in 
figure 3.1, the power density at the surface of the sun is calculated and this value is about 65 
M W n r2. The solar power density incident on the earth atmosphere is 1353 Wm~2. This 
radiation is further attenuated due to atmospheric absorption, shown by figure 3.1, and 
solar power on the surface of the earth on a sunny day is approximately 1000 Wm_2.[4] A 
quantity known as the “AirMass” (pam) is introduced, shown schematically by inset figure
3.1, to quantify the atmospheric attenuation defined by equation (3.1). Even though the 
value of r/am changes throughout the day, for PV device characterisation purposes, this 
value is taken as 1.5 (AM I.5) according to American Society for Testing and Materials 
(ASTM) standard.
_ optical path length to the Sun
^am optical path length if the sun is directly overhead
Once harvested, solar energy can be used for the generation of electricity. The first step of 
this generation is the effective absorption of the photons. For this purpose, a photoactive 
semiconductor material is used. The phenomenon of photon absorption is dependent on 
the optical bandgap of a semiconductor. Small bandgap materials can absorb a greater
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Figure 3.1: Solar irradiance at sea level on a sunny day (solid line) and blackbody radiation at 
5760K approximating the surface of the sun (dash line). Attenuation attributed to atmospheric 
constitutes are indicated. Inset shows a schematic definition of AirMass which is explained in the 
text.
region of the solar spectrum. As an example, a crystalline silicon PV device is sensitive for 
photon energies greater than 1.12 eV.
An absorbed photon excites an electron from the valance band to the conduction band 
in the semiconductor. For generation of electricity the charge of the excited species must be 
separated before recombination and eventually extracted to an external circuit. A built-in 
electric field is utilised for this process of charge separation and carrier extraction. Gener­
ally, such an electric field is created by forming a p-n junction, through doping. A p-type 
semiconductor has an excess of holes, while there is an excess of electrons in an n-type semi­
conductor. When a junction is formed, excess carrier diffusion between p-type to n-type 
materials result in the formation of a charge depletion region (quasi-natural region). Space 
charge within the depletion region creates an electric field, promoting minority carrier drift 
between the p-type and n-type regions. Thermal equilibrium is achieved when the drift 
current is equal to the diffusion current. Equation (3.2) and (3.3) represents the diffusion 
and drift current densities respectively.[63] The parameters in equations (3 .2) and (3.3) are
- Surface of Earth 
•Blackbody at 5760K
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as follows: J diffusion, J drift are the diffusion and drift currents respectively, De and Dy are 
the diffusion coefficients [cm2s-1] for electrons and holes, pe and ph are the electron and 
hole mobilities [cm2V- 1s-1] respectively, the electron and hole concentration is given by n 
and p respectively [cm-3], e is the applied electrical field [Vcm-1] and q is the electron(hole) 
charge (C). At thermal equilibrium, a common Fermi level is formed at the p-n junction.
dn dp
/diffusion — Q ~ 9 fx
Jdrift =  nqpe£ +  pqph£ (3.3)
3 .2  E q u iv a le n t  c i r c u i t s  o f  a  p h o t o v o l t a i c  d e v i c e
Figure 3.2 shows a schematic of a generic p-n junction based PV device. Photons are 
absorbed in both p-type and n-type regions which excite electrons from the valence band 
edge to the conduction band. The charge carriers are swept by the depletion electric field 
towards the contacts which subsequently flow through an external load, generating power. 
For circuit analysis, a PV device can be represented by a current source. Figure 3.3(a)
Flyac— — — — — _ ^
N
Photo cur rent
Figure 3.2: Schematic of p-n junction photovoltaic device.
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Figure 3.3: Equivalent circuits of an (a) ideal and a (b) non-ideal P V  devices. Parameters Jph,
Jdark, Y> J, Rshunt and Rseries represents photogenerated current, leakage current, voltage across
the load, load current, series and shunt resistances respectively.
shows the equivalent circuit of an ideal PV device. When the photocurrent (Jph) is flowing 
through an external load, a potential difference manifests across the diode, generating a 
current flow through it in a reverse sense to the photocurrent. This leakage current is known 
as the “dark current” (Jdark) and it can be found using the diode equation (3.4) where, Js
is the reverse saturation current of the diode. All current values used in these equations
discussed below are taken per unit area. By convention Jpib is taken in the reverse direction 
to the net current flow through the circuit. Increase in the dark current reduces the net 
current passing through the load. Therefore, in an efficient PV device, this leakage current 
is kept as low as possible.
Jdark =  Js ( e qV/kT ~  l )  (3.4)
J =  Jdark ~ Jph =  Js (eqV/kT - l )  -  Jph (3.5)
v°' =  T ln ( j 7  +  1)  (3'6)
Ac = Jph (3*7)
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The JV relationship of an ideal PV device given in equation (3.5) is obtained by applying 
Kirchoff’s Law to the circuit shown in figure 3.3(a).[4] The open circuit condition is defined 
when the net current flowing through the circuit is zero. The open circuit voltage (Voc) 
for an ideal PV device condition is given in equation (3.6). A large 3ph to J,s ratio must 
be maintained for higher Voc. At short circuit conditions, (Voc is equal to zero) the net 
current going through the device is given by equation (3.7). In a practical PV device, 
parasitic effects such as shunt (Rshunt) and series (Rseries) resistances have to be accounted 
for in the equivalent circuit (figure 3.3(b)). Rseries is a summation of the bulk resistance of 
the active material, the contact resistance between the active material-terminal interfaces 
and resistance of the terminals. Rshunt can be understood as the resistance against leakage 
current though the diode. To achieve ideal device conditions Rseries and Rshunt should be 
zero and infinite respectively. Similar to above, elementary circuit analysis can be carried 
out on the near ideal equivalent PV circuit shown in figure 3.3(b). Equations (3.8) and 
(3.9) gives the net current flowing in a near-ideal equivalent circuit.
Js ( f v° !kT- l ) + J shunt-(3.8)
r J Rseries) . \ . ( V  JRseries\ T /o n\
J =   kT------- 1)  +  (  Rshmt ) ~ J*  (3'9)
3 .3  P e r f o r m a n c e  p a r a m e t e r s
Figure 3.4 shows the transfer characteristic of a typical PV device. The device delivers power 
in the operating regime between 0 - Voc which is also known as the fourth quadrant. In an 
optimum load condition, the PV device operates at the maximum power point, represented 
by 3max and Vmax • The area given by the maximum power rectangle is equivalent to 
the maximum delivered power from the device. Power generated from the device is given 
by equation (3.10) assuming ideal PV conditions given in equation (3.5). Condition for 
maximum power is obtained by taking dP/dV equal to zero.
P — JV — JSV (eqVtkT -  l )  -  JphV (3.10)
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(3.11)
(3.12)
(3.13)
Equations (3.11), (3.12) and (3.13) provides the maximum voltage, current and maximum 
power generated from the device. Power conversion efficiency of the device is defined as the 
ratio between the output electric to input optical power given by equation (3.14). The fill 
factor (FF) is defined as the ratio of the maximum power rectangle to the Jsc .Voc rectangle 
areas. It can be understood from equation (3.14) that maximisation of the q involves 
maximising all three components of Jsc, Voc and FF. Furthermore, FF is dependent on the 
shape of the JV characteristic curve which critically depends on the Rseries and Rshunt- 
Generally, increased Rserjes and reduced Rshunt results in a reduced FF.
Figure 3.4: JV characteristic curve of a P V  device.
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V =  - 5 —  = ----p  (3.14)
■* vn. ET007,
3 .4  E x c i t o n i c  p h o t o v o l t a i c s
The operating principle of PV devices fabricated with organic semiconductor materials is 
fundamentally different to devices discussed above. As discussed before in section 2 .1 .1 .2 , 
photoexcitation creates tightly bound excitons in organic semiconductors. The exciton 
binding energy (Df,e), given by equation (3.15), is defined as the difference between the 
minimum required energy for carrier separation (Et) and the optical absorption onset (Eopt). 
For a particular material the Ef,e can be calculated by using equation (3.16).[64] The m* was 
defined in equation (2.12). For inorganic semiconductors Ebe values are typically few meV 
and therefore photogeneration can be reasonably assumed to create free electron-hole pairs. 
Conversely, in organic semiconductors, photogeneration forms Frenkel type or localised CT 
excitons which have large £^e values (~0.5 eV) as a cumulative result of charge localisation, 
lower er (~4) and larger polarizability.[65] Since these closely bound excitons govern the 
photophysics in OP Vs they can be called excitonic PVs.
Ebe — Et Eopt (3.15)
^ = 3 5 ^ 1  <3-16>
Free carrier generation through exciton dissociation is necessary for electric power genera­
tion in excitonic PVs. A built-in electric field formed using a depletion region similar to an 
inorganic semiconductor cannot be used in these low charge carrier materials. Therefore, 
initially, exciton dissociation was achieved by defect states in the organic material. A defect 
traps one carrier while releasing the other thus breaking the electron-hole pair. [66]
3.4.1 M etal-insulator-m etal photovoltaics
In a single layer OPV shown in figure 3.5, charge separation occurs at the interface between 
the active organic material and a low work function metal contact. [10] These first generation 
OPV devices were fabricated by sandwiching an organic polymer between dissimilar work
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Figure .3.5: Metal-insulator-metal type architecture.
function contacts ($mi, 3>m2) forming a metal-insulator-metal (MIM) type architecture. [67] 
As discussed before, absorption of a photon excites an electron from the HOMO to LUMO 
leaving a positively charged hole behind. Excitons diffuse towards a metal-organic interface 
and dissociates forming positive (P+) and negative (P~) polarons respectively. Unlike 
excitons which are quasi-neutral particles, the polarons drift in the electric field formed 
between by the <&mi ~ $M2 contact work function difference. Charge transport occurs by 
polaron hopping between molecules generating the photocurrent.
3.4.2 Donor-acceptor hetero junctions
In a donor-acceptor type of OPV, the exciton dissociation process is several orders more 
efficient than a single layer OPV device discussed above. The organic phase with the lower 
ionization potential (IP) is termed as the donor and the phase with a higher electron affinity 
(EA) is taken as the acceptor. Figure 3.6 shows schematically the dissociation process of 
an exciton at a donor-acceptor hetero junction. As previously seen in the MIM architec­
tures, light generated excitons diffuse towards the hetero junction. Exciton dissociation is 
generally understood to be feasible if the condition stated in equation (3.17) is satisfied.[68] 
Dissociation occurs in femtosecond timescales as observed by ultrafast spectroscopic tech­
niques.
•Ffte Y  I  Pd P A  a. (3.17)
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Figure 3.6: Flatband schematic of the energy levels in a donor-acceptor heterojunction.
'Vp(x) =  - ^ ~ Vn(x) (3.18)
n{x)
After exciton dissociation, the electron and the hole reside in the two organic phases as 
negative and positive polaron states. A chemical potential gradient ('S/p) which is formed 
by the carrier concentration distribution within a phase, induce carrier diffusion towards 
the electrodes for photocurrent generation.[50] Equation (3.18) defines S7p where n(x) is the 
charge distribution within an organic phase. Since the electron and hole physically separate 
into dissimilar phases the direction of diffusion points away from the hetero junction. This 
aspect is understood to be crucial for OPV device operation.[50] Furthermore, similar to 
MIM devices discussed above, electric field created by <&mi — &M2 of the anode and cathode 
enables carrier drift through the organic phases generating the photocurrent.
3.4.3 Performance parameters of OPVs
Figure 3.7 shows schematically the flat band energy diagrams of a generic donor-acceptor 
OPV under different bias regimes. Since the IV characteristics obtained for this device 
is similar to an inorganic pn junction PV device obtained earlier, the power conversion 
efficiency is obtained using the equation (3.14) as discussed previously. External quantum 
efficiency (t}bqe) which depends on the photogeneration mechanism within an excitonic
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Figure 3.7: Diode condition in a donor-acceptor OPV device.
PV device is given by equation (3.19). qA, qED, qCr and qc.c are taken as the absorption, 
exciton diffusion, charge transfer and carrier collection efficiencies respectively. [69].
V  e q e  — V a V e d 'Oc t V c c  (3.19)
For donor-acceptor OPV, qCt and qcc  are found to be approximately unity. Hence the 
qEQE of these devices are governed by qA and qED values. However, increase of device 
thickness to enhance the qA is detrimental to the increase of the qED. This limitation is 
due to the low charge diffusion lengths typically seen in organic materials. In order to 
overcome this problem, a bulk-heterojunction architecture is commonly used where exciton 
dissociation is enabled throughout the active phase. A bulk heterojunction is attained by 
an interpenetrated blend of the donor acceptor materials which brings charge dissociation 
sites close to (< diffusion length) exciton generation sites. Even though exciton dissociation 
is greatly increased by this architecture, increased disorder detrimentally affects charge 
transport within the blend. Despite this limitation, bulk-hetero junction based polymer- 
fullerene derivative OPV devices have demonstrated the best efficiencies, reported to date. 
As discussed before, q is dependent on increased Voc in PV devices. Generation of the Voc in 
donor-acceptor OPV is generally understood to follow the HOMO - LUMO energy level 
difference between the acceptor and donor, respectively. [70] For single layer devices (MIM)
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discussed above, the Voc corroborates well with $>mi ~ $M2 as reported by Mihailetchi et 
al. [71] However, the exact origin of the Voc is seen to be dependent on interfacial effects, 
Fermi level pinning and therefore remains a subject of ongoing debate within the OPV 
research community.
C h a p t e r  4
Experimental techniques
4 .1  S y n t h e s is  o f  P b S - N C s
PbS-NCs were synthesised according to a method reported by Hines et a!. [72] All materials 
were purchased from Sigma Aldrich and were used as received. The experimental setup used 
is shown in figure 4.1. Pb oleate precursor was synthesised in a three neck flask by dissolving 
900 mg of PbO (99.99%) in 40 ml solution consisting oleic acid (90% technical grade) and 1 - 
octadecene (Fluka, > 95%). the ratio oleic-acid to octadecene volume was varied depending 
on the desired nanocrystal size (figure 4.2). The above solution was heated to 130°C and 
vigorously stirred under an argon flow for 30 minutes. At this stage the solution appeared 
transparent, indicating Pb oleate formation. A stock solution of sulphur precursor was 
prepared by mixing 5 ml of bis(trimethylsilyl)sulphide (TMS) (Fluka, 99.99%) and 240 ml 
of 1 -octadecene. 20 ml of this sulphur precursor was rapidly injected, using a gas-tight 
syringe, through the septum in to the flask. Rapid nucleation was observed. The solution, 
for a brief period was seen to turn to colour red before becoming black. The temperature 
was lowered to 70°C and kept for 20 minutes before allowing the mixture to naturally cool 
down to room temperature.
The NCs were precipitated out by adding acetone and centrifuging at 8000 rpm for 5 
minutes. Afterwards, the precipitated NCs were washed with acetone and resuspended in 
toluene followed by centrifugation at 5000 rpm to separate the aggregates and reaction by­
products. The supernatant was collected and precipitated with acetone before resuspending 
in chloroform. Finally, the prepared PbS-NC samples were stored under refrigeration to
35
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Figure 4.1: Schematic of the experimental setup used for PbS-NC synthesis. PbO and oleic acid was 
heated and vigorously stirred in the three-neck flask. The sulphur precursor was injected into the hot 
reflux via the septum using a gas tight syringe which initiated rapid nucleation of the nanocrystals. 
The entire process was carried out under a constant argon flow.
prevent evaporation. For the purpose of device fabrication and characterisation the PbS- 
NCs were dissolved in toluene at 50 - 80 mg/ml concentration by precipitating from the 
stock solution.
4 .2  M a t e r i a l  c h a r a c t e r i s a t i o n
4.2.1 Ultraviolet, visible and near-infrared absorption spectroscopy
A UV-VIS-IR spectrophotometer is used to measure spectral absorption of a material in 
solution or thin film per wavelength. Due to optical absorption, the intensity of light 
passing through a material attenuates exponentially according to Beer-Lambert’s law given 
by equation (4.1).
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Wavelength (nm)
Figure 4.2: Absorption spectra of synthesised PbS-NCs. All NCs samples were synthesised in 40 
ml solutions of oleic acid (OA) and 1-octadecene (ODE). OA:ODE volume ratio determined the 
nanocrystal size and consequently the first absorption peak of the NCs. The OA:ODE volume ratios 
used for each sample: NC-1 (1:15.25), NC-2 (1:7.3), NC-3 (1:3.1), NC-4 (1:1) and NC-5 (1:0).
Collimating mirror
Figure 4.3: Schematic of a Varian Cary 5000 UV-VIS-IR spectrophotometer.
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I  =  V Qt (4.1)
A =  log(4.2)
I, Io, a, and b in equation (4.1) are defined as intensity of transmitted and incident light per 
wavelength, the absorption coefficient and the film thickness. Absorption coefficient has the 
unit’s cm-1 . The measurable parameter of absorption is the ‘Absorbance’ (A) defined by 
equation (4.2). A Varian Cary 5000 UV-VIS-IR (175-3300 nm) spectrophotometer was used 
for the spectral absorbance measurements carried out. Figure 4.3 gives a schematic of the 
spectrophotometer. A mercury source provides UV radiation and a tungsten lamp provides 
visible to near infrared radiation. The monochromator has two collimating mirrors and a 
grating for wavelength selection. Spectral light is chopped at 30 Hz through the sample 
and a reference cell by an optical chopper. The difference of the transmitted light from the 
two paths is collected by an assembly of optics and focused onto a PbS detector.
4.2.2 Photolum inescence (PL) spectroscopy
PL measurements were carried out using an optical bench setup (figure 4.4) consisting of 
a Coherent Innova 300C Ar ion continuous wave (CW) laser, Bentham TMc300 multiple- 
grating monochromator with 1200 g/mm (250 - 1200 nm) and 600 g/mm (800 - 2500 
nm) gratings, Signal Recovery 7265 DSP lock-in amplifier and MC1000A Optical Chopper 
controlled using a bespoke LabView software via GPIB communication network. Newport 
818-SL (400 - 1100 nm), 818-IG (800 - 1600 nm) calibrated photodiodes were used as optical 
detectors. The responsivity curves of the 818-SL and 818-IG photodiodes are shown in figure
4.5. Furthermore, a Bentham DH3 end window photomultiplier tube (PMT) (200 - 950 nm) 
was also used to detect extremely weak signals. PL from the sample was modulated and high 
pass filtered before focussed on to the entrance slit of the monochomator. An appropriate 
high pass filter was used, selected based on the transmission characteristics given in figure
4.6, to block the excitation wavelength component from the PL signal. The resolution of PL 
measured using this system is governed primarily by linear dispersion of the monochromator 
which is a function of the width of the exit slit. For all PL measurements carried out, the 
exit slit width was kept at ^  1 mm which resulted in a resolution of 2.7 nm. Further to the
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Figure 4.4: Schematic of the photoluminescence experimental setup. A Coherent Innova 300C  
Argon ion continuous wave (CW ) laser was used as the excitation source. PL from the sample was 
modulated through an optical chopper (MC1000A) and filtered to pass longer wavelengths, above 
lasing wavelength, and optically focused onto a Bentham TMc300 monochomator. Optical detection 
was carried out either using the Newport 818-SL (400 - 1100 nm) and 818-IG (800 - 1600 nm) 
photodiodes or Bentham DH3 end window photomultiplier (PMT) tube (200 - 950 nm). Modulated 
signals were measured using a Signal Recovery 7265 Lock in amplifier (LA). A GPIB communication 
network was used as the interconnection medium.
Wavelength (nm)
Figure 4.5: 818-SL and 818-IG photodetector responsivity curves.
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Figure 4.6: Cutoff wavelength of the filters used in the optical experiments.
above laser PL setup, a bench-top Varian Cary Eclipse spectrophotometer was also utilised 
to obtain PL and photoluminescence excitation (PLE) measurements within the 200 - 1100 
nm spectral range.
4.2.3 Infrared spectroscopy
Atoms interconnected by bonds within a molecule vibrate similar to the classic analogy 
of balls connected by massless springs. Assuming two atoms with masses mi and m2 are 
connected by a spring with force constant k, the vibrational frequency (uq) of the system 
in classical mechanics is given by equation (4.3), where m is taken as mim2/(m i + m2).
(4.3)
(4.4)
Quantum mechanical treatment of vibrational molecules can be done assuming simple har­
monic oscillations. However, in real systems molecular vibrations are anharmonic and the
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energy levels (Evn) of an anharmonic oscillator is given in equation (4.4) where, vibra­
tion quantum number n determines the eigenstates and xa is the anharmoncity constant. 
Within polyatomic molecules, the molecular vibrations are taken as coupled anharmonic 
oscillations. Infrared spectroscopy is based on infrared light induced transitions between 
vibrational energy levels, given in equation (4.4), which are often used for identifying the 
molecule species. The intensity of the absorption band is proportional to the square of the 
change of the molecular electric dipole moment (/i) therefore for a vibrational mode to be 
infrared active, a net change of ji must occur. In vibrational spectroscopy, the wavenumber 
unit (fi) (cm-1 ), taken as the reciprocal of the wavelength, is typically used. Majority of 
molecules have infrared bands between 400 - 4000 cm-1 . [73] For the infrared spectroscopy 
studies carried out, an Analytical Instruments Protege 460 Fourier Transform Infrared 
Spectrophotometer (FTIR) was used.
4.2.4 Atomic force microscopy (AFM)
Atomic force microscopy (AFM) is used to obtain topographical surface images in nanome­
tre resolution. The main imaging element of AFM is a fine tip mounted on a cantilever 
positioned at a characteristic small distance from the sample. Piezoelectric elements are 
used to control the height of the imaging tip. Images are taken by measuring the deflections 
of the cantilever as function of the lateral position. There are two main modes of opera­
tion: contact mode and non-contact mode (distances greater than 1 nm from the sample 
surface). In contact mode, the tip deflections are caused by ionic repulsion forces whereas in 
non-contact mode van der Waals, electrostatic, magnetic or capillary forces are responsible 
for deflections. In non-contact mode of operation, a vibrating tip is used for scanning. The 
natural vibrating frequency of the tip is reduced by the interaction of the van der Waals 
forces when the tip is close to the surface. If an excitation frequency of tom ( > resonance 
frequency, co0) is selected and kept constant, the amplitude of the vibration decreases as the 
tip approaches the surface. This shift of amplitude is measured by an optical lever method 
where a laser beam is reflected off the tip on to a photodiode array. [74] A topological im­
age is obtained by scanning a surface using the tip, keeping the deflection(amplitude) to a 
set-value by feedback control. Furthermore in contact mode this scanning probe technique 
was utilised to sense current (Conductive AFM) to characterise conductivity variation in 
resistive samples. Using this techniques, current measurements from fA to /iA can be mea-
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sured obtained through a metal coated tip. A Digital Instruments Dimension 3100 AFM 
was used for all topological imaging work carried out.
4.2.5 Photoelectron spectroscopy
The fundamental process in photoelectron spectroscopy is the measurement of the kinetic 
energy of photoelectrons emitted as a consequence of high energy photon absorption. The 
binding energy of the electron energy levels from which photoelectrons are emitted can be 
obtained from equation (4.5) where, Ef, and K E  are the binding energy and kinetic energy 
respectively. Depending of the energy of incident photons, X-ray or UV, primarily two 
photoelectron spectroscopic techniques exist. Figure 4.7 shows a typical schematic of a 
photoelectron spectrometer.
Eb — hu — K E  (4.5)
4.2 .5.1 X-ray photoelectron spectroscopy (XPS)
XPS also known as Electron Spectroscopy for Chemical Analysis (ESCA) uses monoen- 
ergetic X-rays to energise electrons mainly from core electron states. K a doublet of Mg
Figure 4.7: Schematic of a photoelectron spectrometer.
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and Al emitting photons with 1253.6 eV and 1486.6 eV respectively, are used as common 
X-ray sources. Using the characteristic binding energy signatures, elemental identification 
together with stoichiometry calculations can be carried out and also the chemical shift 
will indicate the type of molecular bonds between these elements. [75] The typical sampling 
depth is 0.5 - 2.5 nm for metals and metal oxides, while for organic materials and polymeric 
materials this value increases to 4 - 10 nm. An Omicron multiprobe ultra high vacuum 
(UHV) system equipped with an Omicron HA125 analyser and Mg+ Ka VG XR3E2 twin 
anode radiation source was used for the XPS studies carried out.
4.2.5.2 Ultraviolet photoelectron spectroscopy (UPS)
Low energy photons generated from a Hel source at 21.22 eV was used for the UPS studies. 
These lower energy photons generate photoelectrons from the valance shells of molecules 
and atoms which are primarily involved in chemical bonding. Therefore, UPS can effec­
tively be used in identifying chemical bonding and the study of interfacial effects between 
molecules(atoms). UPS experiments were carried out using an Omicron HIS13 windowless 
He lamp using the vacuum system and detector used for XPS measurements. UPS was 
primarily utilised for the measurement of the ionization potential (IP) of the NCs and the 
organic active materials used. Figure 4.8 shows a schematic representation of a typical UPS 
measurement. Samples are prepared as thin films, either by spin coating or vacuum sub­
limation, on a highly conductive substrates such as n+ silicon or molybdenum substrates 
coated with Au (~ 200 nm). As shown, the samples are electrically connected to the UPS 
analyser such that the Fermi levels of the analyser and the sample are aligned through 
thermodynamic equilibrium. Photoelectrons emitted from the top of the valence band (Ev) 
arrives at the analyser with the highest kinetic energy (KEmax) and similarly, photoelec­
trons from the inner orbital (Ec), register the lowest kinetic energy (KEmin). K Em,in is also 
know as the “secondary electron cutoff” . The instrument is calibrated such that the kinetic 
energy measurements are obtained with respect to the Fermi level (Ej)  of the analyser.
IP  =  hv — (KEmax — KEmin) (4-6)
The IP of the sample is calculated using equation (4.6) where hv is taken as 21.22 eV. 
In actual measurements KEmin and KEmax are obtained using separate spectra for in­
creased accuracy. When measuring the secondary electron cutoff, the analyser is positively
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Figure 4.8: Schematic of the UPS measurement. The analyser and the sample are electrically 
connected. Evac>Ef, Ev and Ec are the vacuum level in the vicinity of the sample, Fermi level, top 
of valence band and a core electron level in the semiconductor, respectively. KEmin and KEmax are 
minimum, and maximum kinetic energies of the photoemitted electrons, respectively. IP and 4> are 
ionization potential and workfunction of the semiconductor respectively. The excitation energy (hu) 
is 21.22 eV.
biased (~ 3 V) with respect to the sample in order to accelerate the lower KE electrons 
photoemitted from the Ec. The resolution of the UPS system is taken as ±0.1 eV.
4.2.5.3 Calibration o f the UPS
The ionisation potential of pentacene was measured as a calibration exercise using the UPS 
system discussed above. A 30 nm film of pentacene (H.W Sands, > 99.99%) was deposited 
on precleaned highly doped n+ silicon substrates by vacuum sublimation. The obtained 
UPS spectrum is shown in figure 4.9. The K Emin (3.51 eV) and K Emax (19.70 eV) were 
obtained by linear curve fitting to the secondary electron cutoff and the top of the valence 
band, respectively. Therefore, using equation (4.6) the IP  of pentacene was calculated as
5.03 eV which is in excellent agreement to the values reported in literature (4.9 eV).[76]
4.2.6 Cyclic voltam m etry techniques
Cyclic voltammetry is a well known technique to investigate redox reactions in both solu­
tions and solids using a three electrode (working, counter and reference electrode) electro-
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Figure 4.9: UPS spectra of pentacene. Low energy spectrum (white squares), initially measured by 
applying a 3.0 V positive bias to the analyser, and is presented with the necessary corrections. The 
K E min and K E max are 3.51 eV  and 19.70 eV  respectively.
chemical cell (figure 4.10(a)). Measurements are carried out using a potentiostat/galvanostat 
by sweeping a voltage range and obtaining the current response of the cell. Current flows 
in a circuit formed between the counter and working electrode(s) and the working elec­
trode potential is obtained relative to a calibrated reference electrode. A current-potential 
polarisation curve (electrochemical spectrum) is obtained by potential sweep from E{ to 
final potential Ef within Emax and Emin limiting values (figure 4.10(b)). The sweep rate 
is taken as v =  \dE/dt\ where typical values are between 1 mVs" 1 to 1 Vs-1 . The total 
current obtained at the working electrode is given by equation (4.7).
I  — ICP If — Cd—  P If — vCd +  If (4.7)
In equation (4.7), Jc, If and Cd are the capacitive, Faradic currents and capacitance of the 
system. Faradic currents result from redox reactions at the electrode surface and therefore 
for accurate measurements, lower scan rates are maintained neglecting contribution from 
capacitive currents. [77] A typical electrochemical spectrum is shown in figure 4.10(c). The 
current show peak responses at potentials where the redox reactions occur. Depletion of
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Figure 4.10: (a) Cyclic voltammetry setup. The working and counter electrodes are made from 
a platinum disk with surface area of 1 cm? and a thin platinum wire, respectively. The reference 
electrode is a 2 mm diameter silver rod. (b) The potential is swept from the initial voltage (Ei) to 
a final voltage (E f). (c) Electrochemical spectrum of a reversible reaction. Electron transfers as a 
result of an oxidation process in the forward and reverse voltage sweeps are shown as (Ei) and (E2) 
respectively. E i/2 is taken as the average oxidation potential.
the electroactive species result in the fall of the current response curve after the peak 
values. The spectrum shown in figure 4.10(c) demonstrates a reversible reaction where Ei 
is the oxidation potential in the forward sweep while E2 is the reduction of the product 
of the earlier oxidation occurring in the reverse sweep. The average oxidation potential is 
obtained as E ^ -  As mentioned above, potential measurements obtained from the working 
electrode are taken relative to a reference electrode which is calibrated to a known potential 
against the standard hydrogen electrode (SHE). SHE is taken as the oxidation potential of 
hydrogen (H+/H 2). In protic solvents where hydrogen is attached to oxygen or nitrogen, 
such as water or amine, the SHE is taken as 0 V. The absolute calculated potential of SHE 
is given in equation (4.8).[78]
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E°(H +/H2)H2°(abs) =  4.44 ±  0.02V (4.8)
4.2 .6.1 Calibration o f reference (A g /A g C l) electrode
An Autolab PGSTAT 12 potentiostat/galvanostat together with an in-house fabricated 
electrochemical cell was used for the cyclic voltammetry measurements carried out. A 1 
cm2 platinum plate was used as the working electrode and the counter electrode was pre­
pared using a platinum wire. A reference electrode (Ag/AgCl) was prepared in-house using 
a 2 mm diameter Ag wire (Sigma Aldrich, 99.9%) dipped briefly in dilute hydrochloric acid 
(37% conc.). 0.1 M tetrabutylammoniumhexaflurophosphate (TBAPFg) (Sigma Aldrich, 
99.0%) dissolved in acetonitrile (Sigma Aldrich, HPLC grade) was used as the electrolyte 
solution. Redox measurements of solid substance are obtained by depositing it on the plat­
inum plate of the working electrode by the process of vacuum sublimation or spin coating. 
Furthermore, the redox measurements in the liquid form are carried out by dissolving the 
substance in the electrolyte. To obtained absolute potentials of any redox reaction carried 
out using this technique, the absolute potential of the reference electrode has to be ob-
E vs. Ag/AgCl (V)
Figure 4.11: Ag/AgCl reference electrode calibration using ferrocene.
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tained relative to the SHE. In order to calibrate the in-house fabricated Ag/AgCl reference 
electrode, the oxidation potential of a well documented organometalie substance (ferrocene 
(Fc), Fe (C^H^)2) was obtained, using the above reference (Ag/AgCl), and compared with 
reports in literature. Fc undergoes a one-electron oxidation giving rise to a stable cation 
(ferrocenium). The oxidation potential (E ^ )  of Fc reported in literature is 0.015 eV 
against a Ag/AgNo3 (0.01 M) reference. [79] Therefore, the absolute oxidation potential of 
Fc can be calculated using equation (4.9), where SCE is the standard calomel electrode 
and SHE is the standard hydrogen electrode. 0.3 eV, 0.241 eV and 4.44 eV were taken 
as the Ag/AgNC>3 potential against SCE, potential of SCE against SHE and the absolute 
potential of SHE respectively. Therefore, from equation (4.9), the absolute potential of Fc 
oxidation was taken as 4.99 eV.
] ? c (abs) _  Q Q ^ i A g / A g N o z )  +  q %(SCE) +  Q 2 4 l ^ S C E / S H E ) +  4A ^SHE\eV] (4.9)
In-house Ag/AgCl reference electrode was calibrated using 0.5 mM Fc (Sigma Aldrich, 98%) 
in acetonitrile +  TBAPF6 (0.1 M) which was identical to the electrolyte and concentration 
used in reference [79] discussed above. The cyclic voltammetry sweeps were carried out 
at 50 mV/s from negative to positive with the electrochemical cell purged with nitrogen 
for approximately 10 minutes before each measurement. The electrochemical spectrum 
obtained for Fc is shown in figure 4.11. Clearly a reversible one-electrode oxidation process 
was obtained and the (E ^ )  was obtained as 0.51 eV against the Ag/AgCl reference. Since 
Fc oxidation against the vacuum is 4.99 eV as discussed above, the absolute potential of 
the reference Ag/AgCl electrode was calculated as 4.48 eV (4.99 - 0.51). This value was 
used for the cyclic voltammetry analysis carried out.
4 .3  D e v i c e  f a b r i c a t i o n
Photovoltaic devices were prepared on Ii^CVSn (ITO) (100 nm) coated conductive glass 
substrates obtained commercially. ITO substrates demonstrated a sheet resistance of 20 
0 /D  together with a RMS roughness (RR) of 2.3 nm. ITO substrates were cleaved using 
a diamond scribe and patterned by a process of chemical etching, using a dilute solution 
of HC1 (37%) and Zn power (Sigma Aldrich, > 99%) catalyst, to approximate dimensions 
given in figure 4.12(a). The etched substrates were cleaned thoroughly by ultrasonication for
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Figure 4.12: (a) Pattered ITO substrates and shadow mask for back contact deposition, (b) Device 
structure of a typical organic (hybrid) photovoltaic device, (c) Schematic of Edwards multicrusible 
thermal evaporator.
approximately 30 minutes in toluene, Decon 90 and acetone, respectively. Following solvent 
treatment, the ITO substrates were dried under a nitrogen flow and subject to an oxygen 
plasma for a duration of 5 minutes using an EMS1050X Plasma Asher. The highly reactive 
environment created by the plasma oxidises the residue organic contaminants adsorbed on 
the ITO substrates thereby making the substrates further clean and hydrophilic.
The organic and hybrid photovoltaic devices were fabricated by stratified deposition of 
the active materials on patterned ITO substrates as shown in figure 4.12(b). The top metal 
contacts were deposited using a shadow mask as shown in figure 4.12(a) which defined an ac­
tive area of ~  10 mm2. Active materials were deposited using thermal evaporation and spin 
coating. Small molecule organic materials (pentacene, tetracene, Ceo and bathocuproine) 
and metal electrodes (Al, Au and Ag) were deposited by vacuum sublimation using an 
Edwards multi-crucible thermal evaporator, schematically shown in figure 4.12(c). Or-
4.3 Device fabrication 50
game materials, intended for deposition, where placed in molybdenum boats purchased 
from Nilako corporation (Japan) and attached to the electrodes in the evaporator. The 
nominal vacuum required for sublimation was between 8.0xl0 -6  Torr and 5.0x 10~5 Torr 
and this level of vacuum was achieved by an oil diffusion pump. The molybdenum boats 
were heated electrically until the sublimation temperature was achieved (i.e. 372 - 374 °C 
for pentacene). The rate of evaporation and the thickness was measured using a thick­
ness monitor (Intellemetrics IL150) attached to the evaporator. The thickness monitor was 
calibrated by measuring the height of the deposited films independently using AFM.
Soluble organic materials [(poly(3,4-ethylenedioxythiopliene) poly(styrenesulfonate) and 
PCBM] and inorganic nanocrystal (PbS-NCs) materials were deposited by spin coating. A 
Laurell Technologies Corporation WS-400B-6NPP-LITE Spin Processor was used as the 
primary coating system. The substrates were held on the spin coater by vacuum for a 
maximum duration of 60 seconds. The solution was dropped on the spinning substrates 
and even spread of the material was obtained by centrifugal force. The thickness of the 
final film was found to be a function of the concentration of the solution, spin speed and
X (pm)
Figure 4.13: Average cross-sectional height of 50 x 50 pm2 sample area of a PbS-NC film deposited 
by spin coating. A 70 mg/ml concentration solution of PbS-NCs, in toluene, was spin coated at 2000 
RPM  for 60 seconds on pre-cleaned quartz substrates.
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time. Thin films deposited by spin coating were characterised by AFM to obtain the 
film thickness. Figure 4.13 shows the average cross-sectional height of a PbS-NC solution 
deposited on pre-cleaned quartz substrates by spin coating at 2000 RPM for 60 seconds. 
The average height of the NCs film is taken as 102 nm. Similar height calibration was 
carried out for all active thin films used.
4 .4  D e v i c e  c h a r a c t e r i s a t i o n
4.4.1 Current-voltage characterisation
The current-voltage characteristics of the fabricated thin film organic PV devices were 
measured by exposing to simulated solar irradiation. An Oriel 81160 solar simulator (figure 
4.14) fitted with an Air Mass 1.5-Global filter was used as the source. The Oriel 81160 is a 
class B solar simulator with < 5% of non-uniformity of irradiance. The optical power of the 
lamp can be calibrated by changing the electrical power (up to 15%) and by changing the 
position of the lamp (80%). Initial calibration was done at AM1.5G (1000 Wm~ 2 according 
to CEI/IEC 904-3 standard) with a Molectron PS 19 thermopile detector and a Molectron 
PM500AD laser power meter. The Molectron PS 19 detector has a spectral bandwidth of 
0.3 pm - 11 pm.
The current and voltage was measured by a Keithley 2400 digital source-meter con­
trolled by Labview software connected by IEEE 488 (GPIB) bus. The Keithley 2400 has 
10 picoampere and 1 pY current and voltage resolution which is ideal for measuring so­
lar devices in both light and dark conditions. The electrical measurements were done by 
sweeping the bias voltage and registering the current through the device and voltage at the 
device terminals.
4.4.2 External quantum efficiency (EQE) measurements
The spectral responsivity of a PV devices is characterised by the external quantum efficiency 
(EQE) measurements. EQE is calculated using equation (4.10) where Pm (A) [W] is power 
of incident monochromatic light with wavelength A [nm] and Jsc [A] is the short circuit 
current measured from the PV device.
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Figure 4.14: Schematic of the Oriel 81160 solar simulator.
AM 1.5 simulated solar radiation
Figure 4.15: Current density-voltage measurement instrumentation setup used for photovoltaic
device characterisation.
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Figure 4.16: Optical bench setup of external quantum efficiency measurements. Monochromated 
light is obtained using a Bentham. TMcSOO monochromator illuminated using a 100 W  Bentham 
505 light source. Afterwards the monochromatic light is filtered and focused onto the active area 
of the device under test(detector). The Jsc is measured by a Keithley 487 picoammeter connected 
in series. Optical power Pin(X) is measured using an 818-SL or 818-IG photodiode together with 
a calibrated Newport 1830C optical powermeter. A GPIB communication network was used as the 
interconnection medium.
Veqe(x) ~  i t f ) (~r) (4-10)
Measurements were carried out using an optical bench setup (figure 4.16) including a Ben­
tham 505 light source, Bentham TMc300 monochromator, Keithley 487 picoammeter and 
Newport 1830C optical powermeter together with Newport 818-SL/818-IG photodiodes. 
Output light is filtered to cutoff second order diffraction, using long wavelength pass filters 
as discussed in section 4.2.2, and collimated onto the active area of the PV device(detector) 
using an optical assembly. Jsc and optical power per each wavelength was obtained by 
the picoammeter and powermeter respectively. The EQE measured setup was calibrated 
by measuring the EQE of reference silicon photodetector (OSD5.8) and comparing the 
obtained values with the manufacture data sheet as shown in figure 4.17.
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)
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Figure 4.17: Calibration of the EQE setup by comparing the measured EQE of an OSD 5.8 silicon 
photodiode with the manufacture data sheet.
C h a p t e r  5
Discrete heterojunction 
organic photovoltaics
5 .1  I n t r o d u c t i o n
Most state of the art organic photovoltaic (OPV) devices are based on heteroj unctions 
between electron accepting and electron donating molecules. At such molecular hetero­
junctions, photo-induced excitons dissociate to form free charge carriers which flow though 
an external load under an electric field created by the difference of the charge collecting 
electrode workfunctions (<&). OP Vs can be broadly categorised into two groups; bi-layer 
and bulk heteroj unctions. Bilayer devices are formed when the active phases are in a 
stratified orientation. These devices are also known as discrete heteroj unction PVs. Bulk 
heteroj unction devices are structured such that the donor and acceptor molecules form 
into an interpenetrating matrix. To date, both bi-layer and bulk-hetero junction OPV 
devices have achieved power conversion efficiencies (q ) of 4-5% under simulated solar 
illumination. [80] [18] [23] [20] Such efficiencies are well below the minimum required (10%) 
for successful commercialisation of OPVs.[81] To improve the overall power conversion effi­
ciency of OPV devices, open circuit voltage (Voc), short circuit current (Jsc) and fill factor 
(FF) must all be optimised. To facilitate such improvements, it is essential to understand 
how such parameters relate to the fundamental physical processes of light absorption, ex­
citon dissociation, charge carrier transport and extraction to the external circuit.
The broad aim of this chapter was to identify several organic-only OPV reference sys-
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terns, suitable for augmentation with narrow gap NCs to fabricate hybrid PVs, discussed 
later in chapters 6,7 and 8. The work presented below is organised into two broad sections. 
Section one analyses a novel device architecture fabricated by inverting a pentacene and 
Ceo based discrete hetero junction PV. This was carried out to determine the applicability 
of using an inverted structure for the fabrication of high efficiency discrete OPVs. Further­
more, the constraints of the organic layer position on device performance, together with 
the formation of Voc and Jsc in such inverted OPV devices, was analysed. The second 
section investigates a novel surface nanotexturing technique used to improve the Jsc of bi­
layer pentacene-Ceo PVs. It was observed that the p increased five fold through surface 
texturing, pointing towards the possibility of applying this technique to fabricate highly 
efficient, large area OPV devices.
5 .2  E x p e r i m e n t a l  d e t a i l s
Twice sublimed pentacene (99.99%) and Cso (99.99%) was purchased from H.W. Sands and 
American Dye Source, respectively. All organic materials were used as received. Discrete 
hetero junction OPV devices were fabricated, following the procedure described in section 
4.3, by vacuum subliming pentacene and Ceo onto Iii203 :Sn (ITO) coated glass substrates. 
Top metal (Al) electrodes were deposited using a shadow mask to obtain active device areas 
of ~  10 mm2. Devices were characterised using current density-voltage (JV) and external 
quantum efficiency (EQE) measurements as discussed in section 4.4.
5 .3  R e f e r e n c e  p e n t a c e n e -C e o  p h o t o v o l t a i c
Using the above discussed experimental methods, a pentacene-Ceo bilayer hetero junction 
OPV was fabricated and used as a reference for devices discussed within this chapter. 
Structure for the reference device, including active layer thickness, was obtained from work
Material EA (eV) IP (eV) Dl (nm) p (cm2V 1s 1) Reference
pentacene 3.0° 4.9“ 65 ±  16“ 0.1 - i 6 Oifc) [76]“ , page 204 of [S2]6
Ceo 4.5 6.1 40 o.ooi (n e ) [68]
Table 5.1: Material properties of pentacene and Ceo-
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Figure 5.1: Absorption coefficient of pentacene (black squares), Cqq (white squares) and transmis­
sion of 100 nm ITO layer (solid line).
previously reported by Yoo et al. on pentacene-Ceo PV devices. [76] Accordingly, 45 nm and 
50 nm thick pentacene and Ceo layers were deposited consecutively on an ITO substrate 
which was used as the transparent conductive electrode. ITO is a high bandgap (4.1 eV) 
n-type degenerated semiconductor, which exhibits a resistivity (p) of <-~d x 10~4 Hem and 
greater than 80% optical transmission between 400 - 1000 nm, for a 100 nanometres thick 
film, as shown by figure 5.1.[83]
Table 5.1 shows the electron affinity (EA), ionization potential (IP), diffusion length 
(Dp) and mobility (p) parameters of pentacene and Ceo respectively. Pentacene exhibits a 
relatively low electron affinity and ionisation potential thus it is energetically favourable to 
function as a donor material. Also, with a hole mobility between 0.1 to 1 cm2V - 1s-1 , pen­
tacene demonstrates quite high carrier mobility amongst organic molecular semiconductors. 
As observed in figure 5.1, pentacene strongly absorbs photons between 1.8 eV to 2.4 eV and 
demonstrates a peak absorption coefficient of 9x l0 4 cm- 1  at the first excitonic region (1.9 
eV). Ceo has an EA and IP of 4.5 eV and 6.1 eV respectively (Table 5.1). The higher EA of 
Ceo with respect to pentacene enables the Ceo layer to act as an acceptor facilitating exciton 
dissociation at the pentacene-Ceo heterojunction. Transient absorption measurements have
5.3 Reference pentacene-Ceo photovoltaic 58
Voltage (V )
Figure 5.2: JV device characteristics of a pentacene (45 nm) and Cqq (50 nm) bilyer heterojunction 
deposited between ITO and Al contacts.
shown ultrafast, femtosecond timescale, charge transfer between Ceo and the semiconductor 
polymer (MEHPPV) confirming the strong charge acceptor property of Geo-[13] Analogous 
photoinduced charge transfer process is observed between pentacene-Ceo- However, it is 
worth noting that, Ceo does not function as a strong photon absorber and shows a lower 
absorption coefficient in the wavelength region where the solar spectrum, given in figure
3.1, shows strong irradiation.
Figure 5.2(a) shows the JV characteristics of the pentacene-Ceo device. This device 
demonstrated an 77 of 0.52 % with a FF of 0.42. The Rseries and Rs}lunt were calculated 
to be 4.3 Hem2 and 520 Hem2 respectively. The Voc (0.4 V) was similar to the difference 
between the IP of pentacene (4.9 eV) and EA of Ceo (4.5 eV). Since IP and EA are taken 
as the HOMO and LUMO respectively in organic materials, the Voc obtain for this system 
closely matches the HOMO-LUMO difference of the donor (pentacene) and acceptor (Ceo)- 
This conjunction is consistent with the argument presented by Brabec et al. explaining the 
formation of Voc in bilayer hetero junction OPV devices. [70] As seen from figure 5.2(b), the 
Jsc is 104 greater than the dark current indicating strong PV behaviour. EQE measurements 
were carried out to observe the photoabsorption contribution of the discrete layers. The
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Figure 5.3: EQE of a pentacene (45 nm) and Cqo (50 nm) bilyer heterojunction device deposited 
between ITO and Al contacts (black squares). Absorbance spectra of thin film pentacene (solid line) 
and Ceo (dashed line).
EQE spectra shown in figure 5.3 indicates a maximum EQE of 33% in the primary excitonic 
absorption wavelength of 660 nm (1.8 eV). From the EQE measurements, it can be further 
understood that photocurrent generation efficiency due to light absorption in Ceo layer, 
within the wavelength range of 400 - 500 nm, is less than 10%. According to figure 5.1, 
within the wavelength range of 400 - 500 nm (3.10 - 2.48 eV), Cgo demonstrates a high 
absorption coefficient (~105 cm-1). Hence the low EQE within this energy range is not 
attributed to lower light harvesting but to the lower exciton diffusion of the Ceo (40 nm) 
film compared with pentacene (65 nm) as indicated in Table 5.1.
5 .4  I n v e r t e d  o r g a n i c  p h o t o v o l t a i c
Most conventional organic PV devices follow a fabrication template similar to the reference 
device structure discussed earlier. Active layers are sandwiched between a high 4>, ITO 
substrate and low 4? metal counter electrode (Ag, Ca, Al) keeping the electron donor, also 
known as the hole transporting material, near to the hole collecting ITO substrate. Few
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eV
Figure 5.4: Schematic flatband energy diagrams of (a) ITO/Pentacene/CQo/Al (normal) device 
and (b) ITO/Cqq/pentacene/Al (inverted) device.
reports exist in literature demonstrating alternative device structures. [84] Even in such 
reported inverted devices, the hole transporting layers (electron donor) are kept next to 
the ITO substrate identical to a conventional device. Hence, as expected, the function of 
such “inverted” devices is equivalent to that of a standard device where excitons dissociate 
at the active interface and subsequently, liberated holes and electrons are collected at the 
ITO and metal electrodes respectively. To understand the effect of placing the donor and 
acceptor in an inverted built-in electrical field, a novel type of inverted device was fabricated 
and analysed. A Ceo-pentacene device was fabricated by evaporating Ceo (50 nm) and 
pentacene (50 nm) on top of pre cleaned ITO followed by depositing an Al back contact, 
thus forming the inverted device (figure 5.4). The defining attribute of this type of device 
is that Ceo, conventionally thought to be an electron acceptor and an electron transporting 
layer rather than pentacene, is kept adjacent to the ITO substrate. The JV characteristics 
of the inverted PV device was obtained for comparison with the earlier discussed normal 
(reference) device.
The JV characteristics of pentacene-Coo (normal) and the Ceo-pentacene (inverted) de­
vices are shown in figure 5.5. The figure 5.4 shows energy level diagrams for both device 
configurations. The worlcfunction of ITO (3?/to)5 measured directly using UPS, was 4.4 
eV. Worlcfunction of Al (<&ai) was taken as 4.3 eV.[85] Notably, these schematic energy level
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Figure 5.5: JV characteristics of ITO/pentacene (4-5 nm)/C§o (50 nm )/Al device (normal) and 
ITO/Cqq (50 nm)/pentacene (50 nm )/Al device (inverted) under dark and A M I.5 irradiation.
diagrams do not account for the likely formation of abrupt vacuum level shifts which often 
occur at metal-organic interfaces and which can drastically modify interfacial energy level 
alignment.[86] Remarkably, the JV characteristics of both normal and inverted devices, 
biased relative to the ITO electrode have similar fourth quadrant operation (figure 5.5), 
with Al and ITO accepting photo-generated electrons and holes respectively. It is found 
that the pentacene layer in the inverted PV device is not operating as an electron donor 
or analogously a hole transporter, similar to the normal PV. Using the electron and hole 
extraction information obtained from the JV characteristics (figure 5.5), an approximate 
estimation of the value of Voc of the normal (inverted) PV device was obtained. For the 
normal PV device Voc (0.4 V), is in good agreement to the HOMO-LUMO difference be­
tween the donor(pentacene) and acceptor(C6o), as discussed earlier. Application of similar 
argument for the inverted PV device, resulted in an estimated Voc value of 3.1 V, consid­
ering the HOMO-LUMO difference of Ceo and pentacene layers respectively. However, the 
measured Voc (0.7 V) for the inverted PV device was found to be much lower than the above 
estimation (3.1 V). This lowering could be attributed to the non-ideal alignment between 
the electrode Fermi levels and the relevant molecular orbitals of the adjacent organic layers.
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The inverted device architecture was not seen to affect the FF (0.38) which was in close 
agreement to FF value of the normal device (0.43).
Normal and inverted PV device operation was investigated using flat band energy di­
agrams give in figure 5.6. Operation of the normal PV device (figure 5.6(a)) is clearly 
explained by considering the photocurrent generation mechanism through light absorption, 
exciton dissociation and carrier extraction as explained in section 3.4.2. According to this 
mechanism, the absorbed photons in the pentacene and Ceo layers generate excitons which 
diffuse towards the donor-acceptor interface. At the interface, these excitons dissociate 
forming P-  and P+ polarons in the acceptor (Ceo) and donor (pentacene) layers respec­
tively. These P“  and P+ polarons drift towards the Al and ITO electrodes, assisted by the 
electrical field formed due to the difference of workfunction of the electrodes. The above 
process of photo-carrier generation forms the basis of operation of OPV and results in a 
relatively high Jsc (3 mAcm~2). However, this process cannot account for photo-current 
generation in the inverted OPV structure since the barriers to electrons and holes reach­
ing the respective electrodes are prohibitively large (1.5 eV and 1.2 eV respectively (figure 
5.4(b)). The proposed explanation for the mechanism of photo-current generation in the in­
verted OPV structure is schematically illustrated in figure 5.6(b). Analogous to the normal 
device, excitons are generated in both the pentacene and Ceo layers following photon ab-
eV
Figure 5.6: Schematic operating principles for normal (a) and inverted (b) pentacene/Ceo devices.
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Figure 5.7: JV characteristics of IT  O/Cqq/pentacene/Al (white squares) and
IT  O /C^/Ag/pentacene/Al (dark squares) devices under AM 1.5G irradiation. 50 nm of 
Cqq (pentacene) layers and 0.5 nm thick Ag films were deposited.
sorption. Excitons generated in the pentacene layer are dissociated at the interface with the 
aluminium electrode resulting in extraction of an electron to the external circuit and leaving 
a hole in the pentacene HOMO which is swept to the organic hetero junction by the built-in 
electric field. Excitons generated in the Ceo layer are dissociated at the interface with ITO 
electrode resulting in extraction of a hole to the external circuit and leaving an electron in 
the Ceo LUMO which is swept to the organic hetero junction by the built-in electric field. 
The resulting accumulation of both electrons and holes at the organic hetero junction is 
dissipated via recombination ( “shorting” ) at the organic hetero junction. Consistent with 
this hypothesis it can be concluded that the Jsc in an inverted device structure is limited by 
the number of electrons and holes recombined at the interface. Therefore, device modifica­
tions resulting in increased cross interface charge recombinations can potentially increase 
photocurrent obtained from the inverted device.
To test the proposed mechanism, a 0.5 nm thick silver nano-cluster layer was incorpo­
rated into the inverted OPV structure by thermal evaporation at the pentacene-Ceo in­
terface to facilitate enhanced recombination of accumulated electrons and holes (Ref. [23])
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thereby increasing Jsc. The JV characteristics of this OPV device (figure 5.7) exhibits a five 
fold increase in the J5C supporting the proposed mechanism of photo-current generation. 
The Rshunt of the inverted OPV device is reduced upon incorporation of Ag nano-clusters 
at the organic heteroj unction owing to the increased susceptibility of these OPV device 
structures to increase the leakage current. As a consequence of the lower Rshunt> the FF 
of the Ag nanocluster incorporated device (0.23) is less than the FF of the pristine reverse 
device (0.38). Furthermore, it is also clear from figure 5.7 that the OPV device series 
resistance is not significantly increased in the inverted OPV device structure despite the 
relatively low mobility of electrons in pentacene (Ref. [87]) and holes in Ceo (Ref. [88]). 
This is entirely consistent with the proposed mechanism of photocurrent generation since 
these low mobility carriers do not have to traverse the organic layers prior to extraction by 
the electrodes.
At first glance, the low Jsc in inverted OPV device structures indicates that the pro­
posed mechanism of photogenerated carriers is inefficient as compared to the conventional 
mechanism of photocurrent generation at the organic heteroj unction. However, it is likely 
that in the inverted OPV device structure, the process of free carrier generation at the or­
ganic heterojunction is still operative creating a reverse diffusion motivated current, which 
counteracts the current generated via exciton dissociation at the organic-metal interfaces. 
Ag nano-clusters at the organic heterojunction act as recombination centres thereby re­
ducing the efficiency with which free carriers are generated via exciton dissociation at the 
organic heteroj unction, consistent with the five-fold increase in Jsc. Furthermore, according 
to the proposed mechanism, the magnitude of JSG in the inverted OPV device is ultimately 
limited by the requirement for balanced exciton formation and dissociation in the Cgo and 
pentacene layers such that charge neutrality at the heteroj unction is retained. The lower 
absorption coefficient of Cqo (Ref. [89]) as compared to pentacene ((Ref. [90])), within 
photon energies less than 2.4 eV was observed in figure 5.1. Since the AM1.5G show maxi­
mum irradiation within this energy range (figure 3.1), the exciton flux generated in Cgo can 
be calculated as significantly less than within the pentacene layer. The resulting exciton 
imbalance limits the Jsc in the inverted device as observed in figure 5.5. The Jsc in the 
inverted OPV structure results in a power conversion efficiency of 0.0005% which is three 
orders of magnitude lower than that of the normal device (0.52%).
There is also a significant “kink” , near to zero field condition (Voc), in the JV character­
istics of the inverted device (figure 5.5). The physics behind the formation of such kinks is
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not thoroughly understood but is thought to relate to effects of limitation in charge transfer 
between the active semiconductor layers and the electrodes. Nelson et al. explained the 
formation of kinks by modelling the JV characteristics of a PV in the presence of interfacial 
recombination and subsequent cycling of charges at the organic-electrode interfaces. [91] 
Alternatively, the kink can also be taken as a “rollover” effect at the crossover point as 
observed by Demtsu et al. in bulk CdTe PV devices. [92] The JV characteristics with a 
rollover was modelled by incorporating a reverse diode in series with the junction diode in 
the equivalent circuit representing the bulk CdTe devices. The physical origin of the re­
verse diode was attributed to a Schottky barrier formed at the contacts. Therefore, current 
understanding about the formation of kinks in the JV characteristics is generally based 
on the presence of a contact barrier limiting photogenerated charge extraction. Interest­
ingly, in the JV characteristics of the inverted device with the Ag particles (figure 5.7), 
the kink is seen to be reduced relative to the reference device. The removal of this kink 
can be attributed to the increase in the current as a result of improved charge extraction 
at the electrodes which prevents accumulation of charges at the organic-electrode interface 
agreeing with the explanation presented by Nelson et al.[91]
Experiments carried out using the normal and reverse device architecture provided some 
of the critical constraints on positioning organic layers within an organic bilayer device. This 
information was utilised for the design and fabrication of hybrid PV devices discussed in 
the following chapters.
5 .5  N a n o t e x t u r e d  o r g a n i c  p h o t o v o l t a i c s
As discussed in the introduction, low 77 is a fundamental drawback in the commercialisation 
of OPV devices. Increase of 77 is inherently coupled with enhanced photon absorption for 
increased exciton generation and subsequent exciton dissociation efficiency gains to increase 
free carriers within the active layer(s). As described by Forrest, the absorption efficiency 
(Va ) and exciton dissociation efficiency (tied) are related to the absorption coefficient (a) 
(equation (5.1)) and exciton diffusion length (Lp) (equation (5.2)) of the photo-active 
material, respectively. [69]
VA = (1 - e ad) (5.1)
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vbd =  <rdlL°  (5.2)
Efforts of optimising t}a by increasing device thickness (d) leads to a reduction of tied due 
to small Lq of organic materials. Typical Ld values are limited to less than 10 nm in poly­
mers and up to 80 nm in small molecule organic materials.[68] However, favourable aspects 
including high a (~ 105cm_1) and flexibility in solution based processing, promote polymer 
based PVs, by enabling the use of bulk hetero junction OPV device structures minimiz­
ing limitations of lower I/£>.[16] As discussed earlier in the chapter, a bulk hetero junction 
OPV device consists of an interpenetrating donor-acceptor blend, localising charge sepa­
rating interfaces and exciton generation sites in close proximity (< Lp). Small molecule 
organic material such as pentacene(tetracene), which have shown greater charge mobili­
ties than polymers (Ref [87] [93]), are not used in bulk hetero junction structured OP Vs 
due to inherent insolubility in common solvents. Although soluble derivatives of pentacene 
(triisopropylsilyl pentacene - TIPS) have been reported in literature, they exhibit lower 
charge mobility compared to pristine pentacene and PV devices fabricated using these have 
so far demonstrated lower device performance. [94] [95] However, if small molecule OPV 
device fabrication with sufficient donor-acceptor intermixing is possible, a higher 77 could 
be expected. As explained in the following sections, a pentacene-C6o OPV device was 
fabricated with a nanotextured pentacene layer, using nanoimprinting lithography (NIL), 
forming an interpenetrating finger-like junction with Ceo facilitating increased exciton dis­
sociation. Improvements of the device characteristics are compared with a reference OPV 
device fabricated under identical conditions without nano-imprinting.
5.5.1 Experimental process of nanoimprinting lithography
NIL is a well documented technique used to imprint features of the order of 10 nm in organic 
polymer or small molecule films. [96] Two modes of operations are possible using the NIL 
system used in this study (Obducat Sweden) for the creation of nano-scale patterns. In 
one mode of operation, the polymer coated substrates were heated close to near the glass 
transition temperature followed by imprinting a desired pattern at high pressure (~ 70 Bar). 
In the second method, a UV sensitive material is coated on the substrate, patterned and 
exposed to ultraviolet light for polymerisation. The advantage of using the latter technique 
is that the whole process could be done at low temperature close to ambient which is suited
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for imprinting on flexible substrates. However, for this study, method one was used for 
nanotexturing a pentacene film deposited on ITO using a laser textured silicon pattern. 
The surface texturing of pentacene was correlated to the surface roughness of the stamp 
and imprinting time duration. Since the objective was to achieve enhanced interpenetration 
between the pentacene and Ceo for increased exciton dissociation, the profile width of surface 
protrusion after imprinting was kept lower than the exciton diffusion length of pentacene 
given in table 5.1.
The silicon pattern was fabricated using high power pulsed laser annealing as discussed 
below. Laser nanostructuring of a-Si is reported to result in surfaces with rms roughness in 
tens of nanometres. [97] To ensure the mechanical strength, a laser nantextured Si film (300 
nm) deposited on a 0.7 mm thick glass substrate was used as the stamp in this work. A 
KrF Lambda Physik excimer laser (LPX 2101), operating at 248 nm with 25 ns full-width 
half-maximum pulse duration, was used as the pulse laser source for nanostructuring. A 4 
X  10 mm2 pulse with an asymmetrical peak profile along the length and a constant energy 
along the width was scanned along the long direction over the sample. The steeper edge of 
the pulse was used deliberately as the leading edge to increase the surface roughness. The 
samples were irradiated in air, mounted on a translation stage for large area irradiation. A 
0.2 mm overlap was maintained between the two scan lines resulting in a uniformly nanos­
tructured 55 cm2 nanocrystalline silicon stamp. The scanning speed for the experiment was
2.5 mms- 1  with a pulse repetition rate of 20 Hz. The energy density used was 150 mJcm-2 , 
with an error up to 10% due to pulse to pulse variations of the excimer laser. [98] Pentacene 
and Ceo used in this experiments were of similar grade as used earlier in the chapter. Device 
fabrication method was also similar to methods discussed above where pentacene (70 nm) 
and Ceo (50 nm) were sublimated sequentially on precleaned plasma etched ITO substrates. 
An intermediate step of imprinting the pentacene layer was included for the nanotextured 
devices.
Schematic overview of the nanoimprinting procedure is given by figure 5.8. As shown, 
the pentacene coated ITO substrate is heated from ambient to the target temperature 
(a). A temperature of 155°C, well below the sublimation temperature of pentacene (Ref.
[99]), was selected for imprinting to avoid material degradation. After achieving the set 
temperature 155°C and five Bar pressure (b), the substrate is imprinted at 40 Bar pressure 
for 60 seconds using the Si stamp (c). Afterwards, the imprinted sample is allowed to cool 
to 100°C at which point the stamp was detached from the sample (d). The nanotextured
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Figure 5.8: Nano imprinting procedure. A 70 nm pentacene deposited ITO substrate is used together 
with a Si stamp, (a) Heating the substrates to the imprinting temperature, (b) Imprinting, (c) 
Cooling of the substrates after the imprinting is completed, (d) Release of the stamp to expose the 
imprinted pattern on pentacene.
pentacene layer was analysed using AFM in tapping mode.
The height profiles of stamp and the pentacene layers in pristine and textured (im­
printed) conditions are given in figure 5.9 together with associated average height (AH) 
and the RMS roughness (RR) for each profile. RMS roughness is taken as the direct mea­
surement of the extent of surface texture of the films discussed here. A ten fold increase 
of the surface roughness is shown by the Si stamp after laser texturing compared to as 
deposited film. The typical FWHM at an average surface protrusion of the stamp was 
estimated to be in the order of ~65 11111 from the above AFM data, which is narrower than 
industrially available metal stamp features, desirable for peiitaceiie-Ceo device fabrication. 
Post imprinted pentacene layer shows the AH(RR) 48(16) nm respectively as compared to 
a pristine pentacene layer values of 27(6) demonstrating a significant increase of the rms 
roughness and average height. Hence, it can be concluded that nanoimprinting the pen­
tacene thin film irreversibly textures the surface close to three folds greater roughness than 
a pristine film.
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Figure 5.9: Surface roughness profiles of pristine a-Si, laser annealed a-Si, pristine pentacene 
deposited on ITO and pentacene on ITO imprinted by laser textured Si stamp. The average height 
(AH) and RMS roughness (RR) was measured for each sample.
5.5.2 Performance characteristics of nanotextured photovoltaics
JV  characteristics of the imprinted device were obtained under AM1.5G simulated solar 
irradiation (figure 5.10). For comparison purposes, a reference device, fabricated under 
identical conditions excluding the imprinting phase, was also characterised. The J sc of 
the imprinted device (0.48 mAcm-2) shows a two fold increase compared to the J sc of 
the reference device (0.22 mAcm-2). Furthermore, the Voc of the imprinted device (0.38 
V) is observed to be larger than the Voc of the reference device (0.27 V). The fill factor 
improved from 0.16 (reference) to 0.27 after nanoimprinting. Consequently, the 77 of the 
imprinted device (0.051%) demonstrated a five fold increase from the 77 of the reference 
device (0.009%).
Two possible explanations exist for the improvement in the Jsc current observed above. 
Firstly, 3SC can increase with increased exciton dissociation at the heterojunction, as a 
result of the increase in interfacial area through nano-imprinting of the active material. 
Furthermore, nanoimprinting of the heterojunction can translate towards nanotexturing
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of the Al back-contact thus improving the light trapping within the active layer which 
increases the exciton population contributing to an increased Jsc. Secondly, Jsc would also 
be affected by the change of the charge mobility of the pentacene film after nanoimprinting. 
However, observing the forward bias (FB) region of the JV curve (shown by the box in figure 
5.10) the imprinted and reference JV curves are seen to be virtually superimposed. This 
leads to the conclusion that charge transport though the film does was not affected by the 
imprinting process, under the conditions used in this experiment. As discussed in section 
2.1.4, charge transport is quantified by the mobility (p) of the organic layer. Therefore, 
it is reasonable expect that the p of pentacene does not change significantly with the 
above imprinting process. This aspect is revisited in further work described in section 8.2 , 
regarding nanoimprinted pentacene and NC based hybrid devices.
Therefore, improvement of the Jsc is solely related to the improvement caused by en­
hanced exciton dissociation resulting from improved donor-acceptor interpenetration. In­
terestingly, the post nanoimprinted device shows a greater Voc as compared to the reference 
device. As explained earlier, the generally accepted theoretical upper limit of Voc in OPVs is
Figure 5.10: JV characteristics of nanoimprinted pentacene (70 nm) / Cqq (50 nm) (black square) 
and reference pentacene (70 nm)/Ceo (50 nm) (white square) P V  devices. The forward bias (FB) 
region is shown by a square box.
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governed by the HOMO-LUMO difference of the donor and acceptor, respectively. However, 
non-alignment of the electrode work function to the organic semiconductor HOMO (LUMO) 
levels can induce a reduction of the Voc values from theoretical limit. [71] [71] [100] Therefore, 
the increase Voc in the imprinted device, relative to the reference device can be attributed 
to the high temperature and pressure induced modification of the HOMO (LUMO) energy 
levels of the imprinted pentacene layer and hole extracting ITO-pentacene interface.
Even though the q of the imprinted device is improved compared to the reference device, 
it is significantly lower than 77 of a pristine pent acene-Ceo device fabricated without a vac­
uum break, discussed in the first section of this chapter (figure 5.3). Breaking vacuum after 
sublimation of the active organic material (pentacene) causes adsorption of atmospheric 
contaminants on the heterojunction. These contaminants consists of water and oxygen 
molecules which readily initiate electrochemical reactions with active organic molecules im­
peding the charge flow, reducing the device performance. [101] Furthermore, contaminants 
present at the exciton separation interface would severely limit the orbital coupling between 
donor-acceptor species reducing the generation of electron-hole pairs. Therefore, to obtain 
commercially significant results using the above discussed nanotexturing of OPVs, complete 
process needs be conducted in a controlled atmosphere.
5 .6  S u m m a r y
In this chapter, studies of novel bilayer OPV devices were presented organized in two broad 
sections. In the first section, operation of an inverse structured bi-layer OPV device fabri­
cated using pentacene and Ceo was discussed in detail. It was found that the mechanism of 
photocurrent generation in such a inverted OPV device architecture is significantly differ­
ent to that observed in normal heterojunction devices. Charge carrier generation observed 
at electrode-organic interfaces as opposed to the organic heteroj unction were seen as main 
contributor to the measured photocurrent. This hypothesis was justified by the incorpora­
tion of silver nano-clusters at the organic heteroj unction which resulted in an increase of 
the photocurrent consistent with predictions. Furthermore, it was possible to rationalise 
the larger Voc present in the inverted OPV device as compared to normal device archi­
tectures. This investigation elucidated constraints regarding the position of organic layers 
within an OPV device architecture useful for the fabrication of hybrid PV devices. Sec­
ond section of the chapter focused on nanotextured organic bilayer device architectures. A
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pentacene-Ceo bilayer hetero junction organic PV device with an interpenetrating donor- 
acceptor interface was fabricated by texturing the pentacene layer. A laser nanostructured, 
a-Si film deposited on glass was used as the stamp to texture the pentacene layer high 
temperature and pressure using a NIL system. Up to five fold improvement of the 77 was 
observed, attributed to the increased exciton dissociation at the heterojunction. Using 
the proposed technique, highly efficient bilayer-bulk hetero junction hybrid PVs based on 
small molecule organic materials can be envisaged in the future. The architectures used in 
these systems discussed above were used as base systems to design and fabricate hybrid PV 
systems discussed in the following chapters.
C h a p t e r  6
PbS-nano crystal: Ceo photovoltaics
6 .1  I n t r o d u c t i o n
Nanocrystals (NCs) of inorganic semiconductors exhibit size tuneable bandgaps due to 
quantum confinement effects and can be combined with organic materials to enhance 
the light harvesting capability of OPV devices. Previous research in this area has re­
ported up to 1.7% efficient NC-organic (hybrid) OPV devices. [29] [31] [30] However, the NCs 
utilised in these systems were mostly wide bandgap Cd based chalcogenides (CdSe, CdS 
and CdTe) which have limited spectral sensitivity. Hybrids based on low bandgap Pb salt 
(PbS, PbSe) NCs can harness near infrared wavelengths improving the broadband spectral 
response. [42] [43] So far, infrared hybrid PVs have demonstrated significantly smaller p as 
compared to organic-only devices. One of the reasons for the lower p can be attributed to 
low charge mobility caused by insulating organic layers (ligands) capping the NCs. Such 
ligands which are introduced during NC synthesis process, passivates the NC from oxidation 
and also increases their solubility in common organic-solvents. Fabrication of hybrid devices 
involves the formation of NC-organic interfaces with favourable energy level alignments to 
maximise the photoinduced charge transfer (exciton dissociation). Therefore, suitable ac- 
ceptor(donor) organic molecules(polymers) should be identified as a matching organic layer 
for a given NC type to fabricate an efficient hybrid OPV. Prior to this study, Pb salt based 
NCs have not been effectively coupled to a matching organic layer(s) for light harvesting 
and remains a barrier for the fabrication of efficient infrared solar cells.
This chapter investigates a novel hybrid system between PbS-NCs and Ceo- The suit­
ability of using PbS-NCs as a photoelectron donor to Ceo is investigated and performance
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improvement resulting from ligand removal (exchange) is studied. X-ray photoelectron 
spectroscopy is used to elucidate the chemistry of ligand attachment and subsequent re­
moval through thermal annealing of NCs. Light harvesting from each layer is examined 
using external quantum efficiency measurements demonstrating spectral sensitivity up to 
1600 nm.
6 .2  E f f e c t  o f  t h e r m a l  a n n e a l in g  o n  P b S - N C  ( o l e i c  a c id )
The PbS-NCs used in this study were synthesised according to a method described in section
4.1. The optical absorption spectra attributed to the samples used are given in figure 6.1. 
To obtain thin films by spin coating, for the purpose of device fabrication and material 
characterisation, the NCs were dissolved in toluene to obtain 70 mg/ml solutions.
As-synthesised PbS-NCs are capped with oleic acid (PbS-NC0jejC) ligands. These organic 
molecules are found to be linked to the Pb sites via the carboxylic (COOH) moieties. [102] 
Since each oleic acid ligand is ~2 nm (Ref. [103]) in length, the PbS-NC0/eiC self assemble 
with an average interparticle separation of approximately 4 nm as confirmed by transmis­
sion electron microscopy (TEM) in figure 6.2 . According to previous reports, PbS-NC0^ c
X (nm)
Figure 6.1: Absorbance spectra of synthesised nc-PbS.
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Figure 6.2: TEM image of as-synthesised PbS-NCs with oleic acid ligands having the first exciton 
peak at 1200 nm.
based PV systems demonstrated low Jsc (~1 nA) caused by low carrier mobility attributed 
to the above mentioned interparticle separation. [103] [42] Zhang et al. performed an initial 
investigation on ligand removal via thermal annealing of PbS-NC0/ejc and polymer bulk 
heterojuctions with an improvement of device photocurrent in reverse bias reported. [103] 
However, due to the complex carrier dynamics present in such a NC-polymer matrix, any 
increase in photoactivity cannot simply be attributed to ligand removal as stated in this 
work without further investigations. Therefore a thorough investigation was carried out to 
elucidate whether thermal annealing affected ligand removal in PbS-NC0feic using thermo- 
gravimetric (TGA) and surface (XPS) analysis.
6.2.1 Thermogravimetric analysis
TGA is commonly used for the identification of decomposition points of chemisorbed and 
physisorbed constituents in materials. Figure 6.3 shows a TGA spectra of dried PbS-NC0;eic 
under nitrogen. A 1% weight reduction is observed between 100°C and 250°C in the PbS- 
NC0/eic attributed to the loss of solvent (toluene boiling point 110°C) and physisorbed 
oleic acid (boiling point 220 °C) in the sample. Following this, a dramatic (23%) weight
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reduction is observed between 250°C and 500°C. This reduction can be attributed to the 
pyrolysis of the oleic acid ligands. A simple model was used to calculate the ligand weight 
percentage of a single PbS-NC to ascertain the above observation.
6.2.1.1 Calculation of the ligand weight percentage
According to An et al. the number of atoms in a NC (Njot) is given by equation (6.1), 
where r, a, are the NC radius and unit cell length respectively. [104] Therefore, using N o^t 
and assuming 1:1 Pb:S stochiometry, the atomic mass of an individual NC was found. To 
calculate the approximate weight of the ligands attached to a single NC, the number of Pb 
atoms on the NC surface (Nsurf ace) is required. Equation (6.2) was used to obtain Nsurface 
by approximating the surface area of a NC to a square of given dimensions (2ry'7r) as 
shown in figure 6.4. Furthermore, it was assumed that the NC surface was populated with
[100] PbS planes with 1 :1  Pb:S atom population. NC diameter was obtained approximately 
as 4.5 nm from TEM, figure 6.2. Calculated ligand weight percentage from this model is 
shown in Table 6.1.
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Figure 6.3: Thermogravimetric analysis of dry PbS-NC annealed under a N% atmosphere.
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S im p l e  c u b i c  P b S  u n i t  c e l l
F i g u r e  6 .4 : Calculation o f  the weight o f  ligands attached to a PbS-N C.
Ar 32tt / r\3
dot ~  —  ( a )  ( }
Nsurface =  167T (J -^ j +  8y /n  (J-^ j +  1 (6.2)
T h e  o b t a in e d  l ig a n d  w e ig h t  p e r c e n t a g e  ( 2 0 % )  is  in  c lo s e  a g r e e m e n t  t o  t h e  w e ig h t  r e d u c t io n  
( 2 3 % )  o b t a in e d  f r o m  T G A  a n a l y s is .  I t  c a n  a ls o  b e  s e e n  t h a t  a n  e x c e s s  o f  o le ic  a c id  l ig a n d s  
( ~ 3 % )  m a y  r e m a in  in  t h e  P b S - N C  s o lu t io n  u n a t t a c h e d  to  N C s .  H e n c e ,  s e v e r a l  w a s h -  
p r e c ip it a t e  c y c le s  w e re  c a r r ie d  o u t ,  d e s c r ib e d  in  s e c t io n  4 . 1 ,  to  o b t a in  c le a n e r  P b S - N C  
s o lu t io n s  u s e d  in  d e v ic e  f a b r ic a t io n .  T h e  u n e x p e c t e d  in c r e a s e  o f  w e ig h t  ( ~ 3 % )  a f t e r  5 0 0 ° C  
c a n  b e  a t t r ib u t e d  t o  t h e  f o r m a t io n  o f  c o m p o u n d s  b e tw e e n  t h e  e x p o s e d  N C  s u r f a c e ,  a f t e r  
l ig a n d  p y r o ly s is ,  a n d  t h e  p o s s ib le  c o n t a m in a n t s  p r e s e n t  in  t h e  n it r o g e n  f lo w  u s e d  in  t h e  
T G A  e x p e r im e n t .
6 .2 .2  PbS-NC surface analysis by XPS
X P S  w a s  c a r r ie d  o u t  to  a s c e r t a in  t h e  e ffe c t  o f  t h e r m a l  a n n e a l in g  o n  P b S - N C 0/ej C. T h e  
p h o t o e le c t r o n  s p e c t r u m  o f  a n  a t o m  is  s e n s it iv e  to  i t s  c h e m ic a l  e n v ir o n m e n t  w h ic h  is  r e p r e ­
s e n t e d  b y  a  s h if t  in  t h e  b in d in g  e n e r g y .  T h e  s u r f a c e  s e n s i t iv i t y  o f  X P S  d e p e n d s  p r i m a r i l y  
u p o n  t h e  e s c a p e  d e p t h  o f  t h e  p h o t o io n is e d  e le c t r o n s ,  w h ic h  is  a  f u n c t io n  o f  t h e  in e la s t ic
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N a m e P a r a m e t e r
a 0 .5 9 4  n m
r 2 . 2 5  n m
P b  a t o m ic  w e ig h t 2 0 7 .2  a .m . u
S  a t o m ic  w e ig h t 3 2  a .m . u
A t o m s  i n  [10 0 ] 9
O le ic  a c id  w e ig h t 2 8 2  a .m . u
Ntot 1 8 2 1
S u r f a c e  P b  a t o m s 3 8 7
S u r f a c e  S  a t o m s 3 8 7
P b S - N C  w e ig h t 4 3 5 6 4 0  a .m . u
L i g a n d  w e ig h t 10 9 4 0 4  a .m .u
L i g a n d  w e ig h t  p e r c e n t a g e 2 0 %
T a b l e  6 . 1 :  P bS -N C s and, ligand parameters.
m e a n  f re e  p a t h  ( I M F P ) . [ 1 0 5 ] [ 1 0 6 ]  U s in g  I M F P  fo r  b u l k  P b S  t h e  a n a l y s i s  d e p t h  fo r  X P S  is  
e s t im a t e d  t o  b e  le s s  t h a n  7  n m  f o r  M g ±  K q, e x c it a t io n .  [10 5 ] [10 7 ]  A s  t h e  P b S - N C s  s t u d ie d  
h e r e  a r e  le s s  t h a n  5  n m  i n  d ia m e t e r ,  t h e  X P S  s p e c t r a  o b t a in e d  c o n t a in s  b in d in g  e n e r g y  
in f o r m a t io n  f r o m  b o t h  t h e  s u r f a c e  a n d  t h e  c o r e  a t o m s  f o u n d  i n  t h e  P b S - N C s .  H o w e v e r ,  
t h e  r e s o lu t io n  o f  t h e  s y s t e m  ( ± 0 . 1  e V )  u s e d  d o e s  n o t  p e r m it  e x t r e m e ly  d e t a i le d  a n a l y s is  
fo c u s e d  o n  t h e  N C  s u r f a c e  w h ic h  c o u ld  b e  p e r f o r m e d  b y  u s in g  s y n c h r o t r o n  r a d ia t i o n  a s  
r e p o r t e d  i n  l i t e r a t u r e .  [10 8 ] [10 5 ]  [10 2 ]  [10 9 ] S a m p le s  f o r  X P S  w e re  p r e p a r e d  b y  s p in  c a s t in g  
P b S - N C s  o n  p r e -c le a n e d  h i g h l y  d o p e d  s i l i c o n  s u b s t r a t e s .  A n  O m i c r o n  m u lt ip r o b e  u l t r a  
h ig h  v a c u u m  ( U H V )  s y s t e m  e q u ip p e d  w it h  a n  O m ic r o n  H A 1 2 5  a n a l y s e r  w a s  u s e d  f o r  t h e  
X P S  m e a s u r e m e n t s  a n d  t h e  s p e c t r a  w e re  a c q u ir e d  w it h  a  p a s s  e n e r g y  o f  5 0  e V  a n d  2 0  e V  
fo r  s u r v e y  a n d  h ig h e r  r e s o lu t io n  r e s p e c t iv e ly ,  u s in g  M g ±  K a  r a d i a t i o n  ( h i /  =  1 2 5 6 . 4  e V )
E le m e n t N o t  a n n e a le d  ( % ) A n n e a le d  ( % )
C 4 1 . 7 2 2 .9
O 1 4 . 3 2 .0
Table 6.2: Elemental percentages obtained from XPS.
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138 140 142 144
Binding energy (eV)
F i g u r e  6 .5 :  X P S  spectra o f  P bS -N C : Pb±f energy level.
f r o m  a  V G  X R 3 E 2  t w in  a n o d e  s o u r c e .  T h e  b a s e  p r e s s u r e  w a s  k e p t  i n  r a n g e  o f  1 0 - 9  m b a r .  
X P S  s p e c t r a  o f  t h e  P b S - N C s  w a s  o b t a in e d  b e f o r e  a n d  a f t e r  t h e r m a l  a n n e a l in g  a t  3 0 0 ° C  fo r  
s i x t y  m in u t e s  u n d e r  U H V .
A s  s h o w n  f r o m  T a b l e  6 .2 ,  a  r e d u c t io n  i n  c a r b o n  f r o m  4 1 . 7 %  t o  2 2 . 9 %  a n d  o x y g e n  f r o m  
1 4 . 3 %  t o  2 . 0 %  is  o b s e r v e d  a f t e r  a n n e a l in g ,  a t t r ib u t e d  to  r e m o v a l o f  t h e  o le ic  l ig a n d s .  F u r t h e r  
e v id e n c e  o f  t h e r m a l ly  in d u c e d  l ig a n d  r e m o v a l  c a n  b e  in f e r r e d  f r o m  t h e  X P S  s p e c t r a  g iv e n  
i n  f ig u r e  6 .5 .  A  s h if t  i n  t h e  b in d in g  e n e r g y  o f  P b 4^ 7  a n d  P b 4^ s  e n e r g y  le v e ls  a r e  o b s e r v e d  
a f t e r  a n n e a l in g .  I n  b o t h  c a s e s  a f t e r  t h e r m a l  a n n e a l in g ,  a n  a u x i l ia r y  p e a k  a p p e a r s  i n  t h e
O r b it a l N o t  a n n e a le d  ( % ) A n n e a le d  ( % )
P b 4^ 7  ( m a in  p e a k ) 1 3 8 .3 1 3 6 .8
P b 4y 7 ( s h o u ld e r  p e a k ) - 1 3 7 . 7
P b 4j |  m a i n  p e a k 1 4 3 . 2 1 4 1 . 7
P b 4y 5 s o u n d e r  p e a k - 1 4 2 . 5
Table 6.3: Pb core energy level binding energies.
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X P S  s p e c t r a  a s  t a b u la t e d  i n  T a b l e  6 .3 .  T h e  P b 4^ 7  p e a k  s h if t s  f r o m  1 3 8 . 3  e V  t o  1 3 6 .8  e V  
s u b s e q u e n t ly  f o r m in g  a  s h o u ld e r  p e a k  a t  1 3 7 . 7  e V .  T h e  P b 4^ i  b in d in g  e n e r g y  o b t a in e d  p r io r  
to  a n n e a l in g  ( 1 3 8 . 3  e V )  c lo s e ly  m a t c h e s  t h e  b in d in g  e n e r g y  v a lu e s  r e p o r t e d  i n  l i t e r a t u r e  
( 1 3 8 . 5  e V )  f o r  P b O . [ 1 1 0 ] [ l l l ]  T h e r e f o r e ,  i t  i s  p r o p o s e d  t h a t  t h e  o le ic  l ig a n d s  a r e  l in k e d  
t o  t h e  s u r f a c e  P b  a t o m s  v i a  t h e  C O O H  m o ie t y  c o r r o b o r a t in g  p r e v io u s  o b s e r v a t io n s .  [10 2 ]  
F u r t h e r m o r e ,  t h e  m a i n  p e a k  o f  t h e  P b 4y  7 e n e r g y  le v e l o b t a in e d  a f t e r  a n n e a l in g  ( 1 3 6 .8  
e V )  is  i n  g o o d  a g r e e m e n t  t o  t h e  b in d in g  e n e r g y  o f  e le m e n t a l P b  ( 1 3 6 .9  e V )  ( R e f .  [ 1 1 2 ] ) .  
S im i l a r l y ,  t h e  P b 4^ 5 e n e r g y  le v e l a f t e r  a n n e a l in g  o f  ( 1 4 1 . 7  e V )  s h o w s  a n  e x a c t  m a t c h  to  
e le m e n t a l P b  ( 1 4 1 . 7  e V ) .  I n t e r e s t in g ly ,  t h e  s h o u ld e r  p e a k  a p p e a r in g  o n  t h e  P b 4 jf7 e n e r g y  
le v e l  a f t e r  a n n e a l in g  ( 1 3 7 . 7  e V )  is  i n  c lo s e  a g r e e m e n t  w it h  t h e  b in d in g  e n e r g y  r e p o r t e d  f o r  
n o n -c a p p e d  P b S - N C s  i n  l i t e r a t u r e  ( 1 3 7 . 4  e V ) . [ 1 1 0 ]  F r o m  t h is  e v id e n c e ,  i t  c a n  b e  c o n c lu d e d  
t h a t  a n n e a l in g  P b S - N C  s a m p le  a t  3 0 0 °  C  u n d e r  U H V  r e s u lt s  i n  r e m o v a l o f  t h e  c a p p in g  o le ic  
a c id  l ig a n d s  f r o m  t h e  N C s  a c c o m p a n ie d  b y  t h e  f o r m a t io n  o f  e le m e n t a l P b .  F i g u r e  6 .6  s h o w s  
t h e  b in d in g  e n e r g y  o f  S 2P o r b i t a l  b e f o r e  a n d  a f t e r  t h e r m a l  a n n e a l in g .  C l e a r l y  t h e  b in d in g  
e n e r g y  d o e s  n o t  c h a n g e  ( 1 6 1 . 1  e V )  a p p r e c ia b ly  a f t e r  t h e  t h e r m a l  a n n e a l in g  w h ic h  in d ic a t e s  
t h a t  t h e  o le ic  l ig a n d s  w e re  n o t  c h e m ic a l l y  b o u n d  t o  t h e  S  a t o m s  f u r t h e r  j u s t i f y i n g  t h e  a b o v e  
f in d in g s .
Binding energy (eV)
Figure 6.6: XPS spectra of PbS-NC: S2P energy level.
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6 .3  H y b r i d  d e v i c e  f a b r i c a t i o n  u s in g  P b S - N C 0je2C a n d  Ceo
B i l a y e r  d e v ic e s  w e re  f a b r ic a t e d ,  f o l lo w in g  t h e  p r o c e d u r e  d e s c r ib e d  i n  s e c t io n  4 .3 ,  u s in g  
P b S - N C 0teic a n d  C e o  t o  s t u d y  t h e  P V  b e h a v io u r  o f  t h e  s y s t e m .  A  7 0  m g / m l  s o lu t io n  o f  
P b S - N C 0/eic i n  t o lu e n e  w a s  s p in  c o a t e d  o n  p r e -c le a n e d  I n ^ C t y S n  ( I T O )  a t  7 0 0  r . p . m  f o r  6 0 
s e c o n d s .  T h e  t h ic k n e s s  o f  t h e  PbS-NC0zeic h l n i  w a s  m e a s u r e d  a s  ~  1 4 0  n m  u s in g  a t o m ic  
f o r c e  m ic r o s c o p y .  A n n e a l in g  o f  t h e  PbS-NC0/ejc c o a t e d  I T O  w a s  c a r r ie d  o u t  u n d e r  n it r o g e n  
i n  a m b ie n t  p r e s s u r e  f o r  ~ 1  h r  i n  a  r a n g e  o f  t e m p e r a t u r e s  f r o m  2 5 0  -  3 8 0 ° C .  F o l lo w in g  t h is ,  
a  5 0  n m  f i l m  o f  C q o  w a s  v a c u u m  s u b l im a t e d  a t  0 . 1  n m s - 1  o n t o  t h e  a n n e a le d  PbS-NC0;ejC 
la y e r .  A  5 0  n m  f i l m  o f  A l  w a s  d e p o s it e d  a s  t o p  c o n t a c t  t o  f a b r ic a t e  h y b r i d  O P V  d e v ic e s  
w it h  a n  a p p r o x im a t e  d e v ic e  a r e a  o f  1 0  m m 2 . T h e  f a b r ic a t e d  d e v ic e s  w e re  c h a r a c t e r is e d  
u s in g  c u r r e n t  d e n s it y - v o lt a g e  ( J V )  a n d  e x t e r n a l  q u a n t u m  e f f ic ie n c y  ( E Q E )  m e a s u r e m e n t s  
a s  d e s c r ib e d  i n  s e c t io n  4 .4 .
6.3.1 JV characteristics before and after ligand removal
F ig u r e  6 .7  s h o w s  t h e  J V  c h a r a c t e r is t ic s  o f  t h e  h y b r id  P V  d e v ic e s  f a b r ic a t e d  a s  d e s c r ib e d  
a b o v e , u s in g  P b S - N C 0jei C w it h  a  p r i m a r y  a b s o r p t io n  p e a k  a t  1 2 0 0  n m  ( P b S - N C 0/e; Cii 2o o ), 
a n n e a le d  a t  d if f e r e n t  t e m p e r a t u r e s .  I t  i s  e v id e n t  t h a t  t h e  d e v ic e  u t i l i s in g  P b S - N C t y ej c 
w it h o u t  a n n e a l in g  e x h ib it s  a  v e r y  s m a l l  s h o r t  c i r c u it  c u r r e n t  d e n s it y  ( J sc) o f  1 1  / i A c m - 2 . 
J sc is  in c r e a s e d  u p  t o  3 4 0  / x A c m - 2  w h e n  t h e  P b S - N C 0^ c la y e r  w a s  a n n e a le d  a t  3 0 0 ° C .  I n  
c o n ju n c t io n  w it h  t h e  in c r e a s e  i n  J s c , t h e  s e r ie s  r e s is t a n c e  ( R series) w a s  s e e n  to  d e c r e a s e ,  
e v id e n t  f r o m  t h e  in c r e a s e  i n  t h e  g r a d ie n t  o f  t h e  J V  c h a r a c t e r is t ic  i n  t h e  f o r w a r d  b ia s .  
T h e  in c r e a s e  i n  J sc a n d  d e c r e a s e  i n  R o r ie s  c a n  b e  a t t r ib u t e d  to  p y r o ly s i s  o f  t h e  o le ic  a c id  
c a p p in g  l ig a n d s  f r o m  t h e  P b S - N C 0/ei C a s  o b s e r v e d  f r o m  t h e  T G A  a n d  X P S  e x p e r im e n t s .  
I t  is  e x p e c t e d  t h a t  t h e  e f f ic ie n c y  o f  e x c it o n  d is s o c ia t io n  a t  t h e  h e t e r o  j u n c t io n  s t r o n g ly  
d e p e n d s  o n  t h e  s e p a r a t io n  b e t w e e n  t h e  d o n o r  a n d  a c c e p t o r  s p e c ie s .  T h e  in c r e a s e  i n  J 5C u p o n  
r e m o v a l o f  t h e  o le ic  a c id  l ig a n d s  is  c o n s is t e n t  w it h  t h is  e x p e c t a t io n .  F u r t h e r m o r e ,  s in c e  t h e  
o le ic  a c id  l ig a n d s  a r e  i n t r i n s i c a l l y  i n s u la t i n g  a n d  t h e  l ig a n d  le n g t h ,  ( 2  n m  R e f .  [ 1 1 3 ] )  
is  g r e a t e r  t h a n  t h e  c h a r g e  t u n n e l l i n g  b a r r ie r ,  t h e ir  r e m o v a l f a c i l i t a t e s  c a r r ie r  t r a n s p o r t  
b e t w e e n  a d ja c e n t  P b S - N C s .  H e n c e ,  e n h a n c e d  c h a r g e  s e p a r a t io n  a n d  t r a n s p o r t  w i t h in  t h e  
a c t iv e  la y e r s ,  a f t e r  t h e r m a l  a n n e a l in g ,  in c r e a s e s  t h e  J sc a n d  r e d u c e s  t h e  R s e r ie s  im p r o v in g  t h e  
o v e r a l l  p e r f o r m a n c e  o f  t h e  P b S - N C / C e o  h y b r id  d e v ic e .  I n t e r e s t in g ly ,  t h e  J sc o f  t h e  d e v ic e s  
d e c r e a s e  a s  t h e  a n n e a l in g  t e m p e r a t u r e  is  in c r e a s e d  a b o v e  3 0 0 ° C .  T h i s  c a n  b e  a t t r ib u t e d  to
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H -S
F i g u r e  6 .7 :  J V  characteristics of ITO /PbS-N C 0ieiC/CQo/Al devices (measured under A M 1.5 G  illu­
mination) fabricated using PbS-NC0ieiC without annealing (black squares), PbS-N C0ieiC annealed at 
250° C  (circles), PbS-NC0ieiC annealed at 300° C  (triangles), PbS-NC0ieiC annealed at 3503 C  (deltas) 
and PbS-N C0ieiC annealed at 380° C  (white squares).
t h e  f o r m a t io n  o f  e le m e n t a l P b  o n  t o p  o f  t h e  P b S - N C  f i l m  w h ic h  q u e n c h e s  e x c it o n s  f o r m e d  a t  
t h e  h e t e r o  ju n c t io n .  S u c h  f o r m a t io n  is  s u p p o r t e d  b y  t h e  X P S  m e a s u r e m e n t s  d is c u s s e d  a b o v e . 
F u r t h e r m o r e ,  a s  o b s e r v e d  f r o m  t h e  T G A  m e a s u r e m e n t s ,  in c r e a s e  o f  t h e  t e m p e r a t u r e  a b o v e  
^ 5 0 0 ° C  c a n  c a t a ly s e  t h e  f o r m a t io n  o f  c o m p o u n d s  o n  t h e  P b S - N C s ,  w h ic h  c o u ld  p o s s ib ly  
i n h i b i t  p h o t o in d u c e d  c h a r g e  t r a n s f e r  b e t w e e n  t h e  P b S - N C s  a n d  t h e  C e o - A s  a  r e s u lt ,  3 0 0 ° C  
w a s  u t i l iz e d  a s  t h e  o p t im u m  a n n e a l in g  t e m p e r a t u r e  fo r  f u r t h e r  d e v ic e s .
A s  s h o w n  i n  f ig u r e  6 .7 ,  t h e  o p e n  c i r c u it  v o lt a g e  ('V open ) o f  t h e  d e v ic e s  h a v in g  a  P b S -  
N C 0zeic la y e r  s u b je c t  to  a n n e a l in g  is  g r e a t e r  t h a n  t h a t  o f  a n  u n a n n e a le d  d e v ic e .  T h e  o r ig in  
o f  t h e  V oc i n  h e t e r o  j u n c t io n  O P V s  is  n o t  f u l l y  u n d e r s t o o d  a lt h o u g h  is  w id e ly  b e l ie v e d  t o  
h a v e  a  m a x im u m  v a lu e  g iv e n  b y  t h e  d if f e r e n c e  i n  e n e r g y  b e t w e e n  t h e  d o n o r  H O M O  a n d  
L U M O . [ 7 0 ] [ 1 1 4 ] [ 1 1 5 ] [ 1 1 6 ]  V oc i n  O P V s  is  a ls o  k n o w n  t o  d e p e n d  o n  t h e  a l ig n m e n t  b e t w e e n  
t h e s e  f r o n t ie r  m o le c u la r  o r b it a l s  a n d  t h e  F e r m i  le v e l o f  t h e  a d ja c e n t  e le c t r o d e ,  w h ic h  c a n  b e  
a f f e c t e d  b y  p o s t -d e p o s it io n  a n n e a l in g .  T h e r e  a r e  t h e r e f o r e  tw o  p o s s ib le  e x p la n a t io n s  fo r  t h e  
in c r e a s e  i n  V oc u p o n  a n n e a l in g .  I t  i s  p l a u s ib le  t h a t  t h e  I T O : P b S - N C  c o n t a c t  is  m o d if ie d
0.25 0.30 
Voltage (V)
■■— Not annealed 
■o— Annealed 250 °C 
■A— Annealed 300 °C 
Annealed 350 °C 
■o— Annealed 380 °C
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F i g u r e  6 .8 : Comparison o f  the J V  characteristics under A M 1 .5 D  illumination between the
IT O /P b S -N C oleic>i 2 0o /C G o /A l (white square), IT O /P b S -N C 0ieiCAAm/ C m /A l  (white circle) and 
IT O /C m  / A l  (reference, black square) devices.
u p o n  r e m o v a l o f  t h e  o le ic  a c id  l ig a n d ,  t h e r e b y  im p r o v in g  a l ig n m e n t  b e t w e e n  t h e  I T O  F e r m i  
le v e l  a n d  t h e  r e le v a n t  t r a n s p o r t  b a n d  i n  t h e  a d ja c e n t  P b S - N C s .  A l t e r n a t iv e ly ,  s in c e  i t  is  
a ls o  k n o w n  t h a t  o r g a n ic  a d s o r b a t e s  c a n  a ff e c t  t h e  w o r k  f u n c t io n  o f  in o r g a n ic  s u r f a c e s  b y  
m o d if y in g  t h e  s u r f a c e  p o t e n t ia l  ( R e f .  [ 1 1 7 ] ) ,  i t  i s  p o s s ib le  t h a t  t h e  o f f -s e t  b e t w e e n  t h e  P b S -  
N C  v a le n c e  b a n d  a n d  C go L U M O  is  r e d u c e d  i n  t h e  p r e s e n c e  o f  o le ic  a c id  l ig a n d s  t h e r e b y  
r e d u c in g  V oc.
6.3.2 Infrared light harvesting
A  c o m p a r is o n  b e t w e e n  t h e  J V  c h a r a c t e r is t ic s  o f  I T 0 / P b S - N C o/e3C/ C e o / A l  d e v ic e s ,  f a b r i ­
c a t e d  u s in g  a n n e a le d  P b S - N C 0zej C)i 2oo, P b S - N C o^ C)1450 , a n d  t h e  ITO /Ceo/Al ( r e fe r e n c e )  
d e v ic e  is  s h o w n  i n  f ig u r e  6 .8. T h e  PbS-NCo;eiC)i200 and P b S - N C oteic,i450 d e v ic e s  s h o w  e n ­
h a n c e d  J sc o f  0 . 2 1  m A c m - 2  a n d  0 .2 4  m A c r n - 2  r e s p e c t iv e ly  c o m p a r e d  t o  t h e  r e f e r e n c e  ( 0 . 1 1  
m A - 2 ) .  T h e  in c r e a s e d  Jscs  a r e  a t t r ib u t e d  t o  in c r e a s e d  p h o t o n  h a r v e s t in g  b y  t h e  N C s  t o ­
g e t h e r  w it h  t h e  in c r e a s e d  e x c it o n  d is s o c ia t io n  a t  t h e  N C - C e o  in t e r f a c e .  T o  q u a n t i f y  t h e  
b r o a d b a n d  a b s o r p t io n  o f  t h e  h y b r i d  d e v ic e s ,  E Q E  m e a s u r e m e n t s  w e re  c a r r ie d  o u t .  F ig u r e
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6 .9  s h o w s  t h e  E Q E  o f  t h e  d if f e r e n t  d e v ic e s  t o g e t h e r  w it h  t h e  a b s o r b a n c e  s p e c t r a  fo r  a c t iv e  
la y e r s .  T h e  r e f e r e n c e  d e v ic e  s h o w s  s ig n if ic a n t  E Q E  o n ly  u p  to  6 5 0  n m  ( 1 . 9  e V ) ,  w h e r e a s  
b o t h  t h e  h y b r i d  d e v ic e s  s h o w  p h o t o c u r r e n t  g e n e r a t io n  f r o m  l ig h t  a b s o r p t io n  w e ll  in t o  to  
n e a r  i n f r a - r e d  w a v e le n g t h s  (6 5 0  -  1 6 0 0  n m ) .  T h e  P b S - N C oj ei C)i 450 h y b r id  d e v ic e  s h o w s  a n  
in f r a r e d  E Q E  o f  a p p r o x im a t e ly  0 . 0 7 %  c lo s e  t o  1 0 0 0  n m  a n d  e x h ib it s  a  s ig n if ic a n t  E Q E  
( 0 . 0 2 5 % )  u p  t o  1 6 0 0  n m .  S im i l a r l y ,  t h e  P b S - N C oi ei C)i 200 d e m o n s t r a t e  u p  to  0 . 0 1 %  E Q E  
n e a r  t h e  p r im a r y  a b s o r p t io n  p e a k  ( 1 2 0 0  n m ) .  B o t h  h y b r i d  d e v ic e s  s h o w  a  r e l a t i v e ly  s i m i l a r  
E Q E  m a x im u m  o f  3 %  a t  4 5 0  n m  w h ic h  is  a  f iv e  f o ld  in c r e a s e  c o m p a r e d  to  t h e  E Q E  m a x ­
im u m  o f  t h e  r e f e r e n c e  d e v ic e .  I n c r e a s e  o f  t h e  E Q E  i n  t h e  v i s ib le  r a n g e  c a n  b e  a t t r ib u t e d  
to  t h e  in c r e a s e d  e x c it o n  d is s o c ia t io n  a t  t h e  h y b r id  in t e r f a c e  a s  c o m p a r e d  t o  t h e  r e f e r e n c e  
d e v ic e .  T h e r e f o r e ,  t h e  in c r e a s e d  J sc o f  t h e  h y b r i d  d e v ic e s  s e e n  i n  f ig u r e  6 .8  c a n  b e  d ir e c t ly  
l in k e d  t o  t h e  b r o a d b a n d  a b s o r p t io n  o f  N C s  t o g e t h e r  w it h  t h e  in c r e a s e d  c h a r g e  s e p a r a t io n .  
T h e  m a x im u m  i n f r a - r e d  E Q E  ( 0 . 0 7 % )  is  tw o  o r d e r s  o f  m a g n it u d e  lo w e r  t h a n  t h e  h ig h e s t  
E Q E  o f  3 . 3 %  f o r  t h e  h y b r i d  d e v ic e s  o b t a in e d  a t  4 5 0  n m  w h ic h  c o r r e s p o n d s  t o  t h e  p r im a r y
O  0.1
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F i g u r e  6 .9 : Comparison o f  the E Q E  characteristics between the IT O /P b S -N C 0ieiCii 20o /C Q o /A l
(white square), IT O /P b S -N C oieicM50/ Cko/A l  (white circle) and ITO/Cqq/AI (reference, black 
square) devices and absorbance o f  P bS -N C oieiCti 2Q0 (dashed line), P bS -N C 0ieiCti4 5 o (dotted line) and 
Cko (solid line).
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absorption region of Cgo- This reduction is attributed to the limitation in exciton diffusion 
in the NC film, and also to the lower absorption coefficient of NCs, 1.1 XlO4 cm-1 at 1185 
nm, relative to the absorption coefficient of Cgo5 1.0x10s cm-1 at 460 nm (figure 6.10).
As shown in figure 6.8, the Voc of PbS-NC0/eiC(i2oo/C6o (0.17 V) and PbS-NC0^ C!i45o/C6o 
(0.22) are significantly lower compared to the reference PV device value of 0.39 V. Similarly 
the FFs of the hybrid devices PbS-NC0teic,i20o/C60 and PbS-NC0/eiCji45o/C 6o, 0.37 and 0.29 
respectively, are also lower than the fill factor of the reference device (0.40). The low FF of 
the hybrid devices are attributed to lower a Rshunt as compared to the reference device. This 
reduction in Rshunt is attributed to filamentary short circuiting between the anode and the 
cathode through the porous NC film. Such porosity of the NC film is believed to be caused 
by non-uniform wetting of the ITO surface by the PbS-NC0ieic. The reduced fill-factor and 
reduction in Voc results in a r/ in the hybrid devices, 0.014% (PbS-NC0ieiC)i20o/C6o) and 
0.015% (PbS-NC0ieiCji45o/C 6o)) as compared to the reference device (0.019%).
4.0 3.0 2.0 Energy (eV) 1Q
Wavelength (nm)
Figure 6.10: Absolution coefficient of PbS-NC0ieiCti2oo (solid line) and C6o (dashed line).
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6.3.3 Energy band diagram of the PbS-N C /C 60 system
From the JV characteristics seen in figures 6.7 and 6.8, it is clear that the photogenerated 
holes and electrons were extracted from ITO and Al respectively which indicated that the 
NCs functioned as electron donors in the presence of Ceo- UPS measurements were car­
ried out to rationalise the energy band alignment of the hybrid system which facilitated 
the photoinduced charge transfer between the PbS-NCs and Ceo- PbS-NC0/eic samples for 
ultraviolet photoelectron spectroscopy (UPS) were prepared similar to the XPS measure­
ments by spin coating on highly doped (n+) silicon substrates. As described in section
4.2.5.2, the experiments were carried out using Hel (21.2 eV) from an Omicron HIS13 win- 
dowless He lamp with pass energy set to 5 eV for a 6 mm diameter analysis area defined 
by the entrance slit to the analyser.
Figure 6.11 shows the UPS spectra of the PbS-NC0iejC before and after annealing at 
300°C under ultra high vacuum (UHV) for 1 hour. The binding energy of the electron
Binding energy (eV)
Figure 6.11: UPS of PbS-N C0ieiCyi2oo before annealing (white squares) and after annealing (black 
squares) at 300° G for 1 hour in UHV. The inset shows the X P S  (solid line) and UPS (dashed line) 
spectra of polycrystalline PbS reproduced from Ref. [118].
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orbitals are taken relative to the Fermi energy. To analyse the UPS spectra obtained from 
PbS-NC0ieic a reference UPS spectrum of polycrystalline PbS reported in literature was used 
(inset figure 6.11).[118] From this, three distinct energy band regions can be identified. The 
valence band region is given by the energies below 4 eV and is attributed to the p-type 
orbitals of Pbep. Furthermore, s-type bands derived from Pbgs and S35 are found in the 
energy regions of ~8 eV and ~13 eV respectively. Conversely, the UPS spectra obtained for 
PbS-NC0/eic shows two distinct energy regions which has reasonable agreement to Pbgs and 
S35 of poly crystalline PbS. The features below 8 eV can therefore be assumed to originate 
from the valence states of the PbS-NCs. Interestingly, upon heating these valence bands 
become more visible and a distinct shift in the binding energies of the peaks are observed 
towards the Fermi level. From XPS analysis discussed in section 6.2.2, annealing of PbS- 
NC0zeiC results in the removal of insulating oleic acid ligands from the PbS-NCs. This is 
compelling proof that the spectral features obtained near the Fermi edge from the UPS 
spectra measured after thermal annealing are directly related to the valence states of the 
PbS-NCs and not an artefact from the measurement.
Therefore, the UPS spectra taken after annealing was used for calculation of the ioni­
sation potential of PbS-NCo/e£C)i200 following a procedure described in section 4.2.5.2. The 
obtained UPS spectrum is shown in figures 6.12(a) and 6.12(b) where K E m in and K E max 
are the minimum and maximum kinetic energies of the photoemitted electrons, respectively. 
K E m in (3.51 eV) and K E max (19.70 eV) were obtained by linear curve fitting to the sec­
ondary electron cutoff in figure 6.12(a) and to the top of the valence band in figure 6.12(b), 
respectively. Applying K E min and K E max values to equation (4.6) the ionisation potential 
of the PbS-NCoZeic is calculated as 5.7 eV. The error of this measurement is empirically 
taken as 0.1 eV consistent with the detection resolution of the analyser used in this study. 
To obtain the electron affinity of the PbS-NCo/eiCii200j the energy separation between Sg-S  ^
(bandgap) calculation was carried out.
6.3.3.1 Bandgap calculation of PbS-NC0je$e
Optical bandgaps of inorganic bulk semiconductors are derived from the material absorption 
coefficients using graphical techniques such as the Tauc relation. [119] Reports in the litera­
ture show that this technique can be used to find the band gap of molecular semiconductors 
such as inorganic NCs and organic polymers. [120] [121] Using the Tauc formula, equation
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Figure 6.12: UPS of a PbS-NC0ieiCi 1200 sample annealed at 300° C  for 1 hour in UHV. (a) Low 
energy spectrum (white squares), initially measured by applying a 3.0 V positive bias to the analyser, 
and is presented with the corrections. The K E min is calculated as 3.66 eV. (b) High energy spectrum. 
The K E max is calculated as 19 .16  eV.
(6.3), for a one-dimensional direct bandgap semiconductor, the bandgap was calculated for 
PbS-NCoZeiCti2oo as shown in figure 6.13.
a E o c ( E -  E f 1/2 (6.3)
The value obtained from Tauc calculation (0.93 eV) is closely matched to the value calcu­
lated from the absorption onset (shown as E'g in figure 6.14) and is therefore used as an 
approximation for the bandgap of NCs. [122] It is reasonable to believe that the absorption 
onset will strongly depended 011 the size distribution in the NC sample. Therefore, the NC 
size distribution, proportional to the FWHM of the first absorption peak near band edge, 
introduces an error on the bandgap calculation.
Alternatively, PL excitation can also be used to investigate the energy difference between 
the lowest occupied, Sg-S  ^states within a NC. Figure 6.14, shows the PL of PbS-NCoZeZCii2oo 
obtained using 514 nm laser excitation. Fitting a Gaussian to the PL curve, the peak was 
found at 1.0 eV with FWHM of 102 meV, A 40 meV non-resonant Stokes shift was also
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E (eV)
F i g u r e  6 . 1 3 :  Bandgap calcidation o f  P&<S'--/VC'oie ic)i 200-
Energy (eV)
F i g u r e  6 . 1 4 :  Absorbance (dark squares), PL  (dark triangles) o f  P bS -N C 0ieiC> 1200 o,nd E Q E  (white 
squares) o f IT O /P b S -N C 0ieiC)i2 o o /G e o /A l  device.
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Figure 6.15: Plot of the energy of the Sl-S\ transition versus size. (Reproduced from Ref. [123]).
observed from the absorbance peak at 1.04 eV. However, the PL peak was blue shifted, 
approximately by ~70 meV, from the absorption onset (0.93 eV). This apparent mismatch 
of the bandgap calculation, obtained from the absorption onset and PL peak, was reconciled 
by considering FWHMs of the absorption and PL peaks. FWHM of the absorption (187 
meV) was found to be larger than the FWHM of the PL (102 meV) and the observed 
narrowing (~80 meV) was close to the 70 meV shift seen above. Therefore, bandgap 
calculation using only the absorption onset was seen to be severely affected by the size 
distribution of the NCs. Alternatively, as a result of the smaller FWHM, the PL peak was 
taken as the bandgap value for further analysis. The accuracy of using the PL peak (1.00 
eV) as the bandgap of the PbS~NCo/e;C)i200 was confirmed by fitting the average PbS-NC0jeic 
diameter, obtained from TEM, to theoretical models reported in the literature (Ref. [123]). 
As shown by figure 6.15, for the average PbS-NC0^ c diameter 4.5 nm, obtained from figure
6.2, calculated and measured bandgaps values, obtained from literature, were in reasonable 
agreement to PL peak value.
Using the bandgap (1.00 eV) value and the ionisation potential (5.7 eV) the electron 
affinity of the NCs was calculated as 4.7 eV. The proposed energy band structure, for the 
active layers of the hybrid device, is given by figure 6.16(a). It is clearly energetically
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favourable for the holes to transfer from the HOMO level of Ceo (6.1 eV) to the energy- 
state of the PbS-NCs (5.7 eV). According to this model, electrons from the dissociated 
excitons, generated in PbS-NCQejc layer, have to traverse an energy barrier of approximately 
0.2 eV to transfer from the S1 of the NCs to the LUMO of Ceo- Hence, limited charge 
transfer would be expected from PbS-NC0/e£C)i2oo to Ceo when excitons are generated in the 
lowest Sg-S  ^ of the PbS-NCs thus explaining the low EQE in the infrared region observed 
above (figure 6.9). Figure 6.14 shows the infrared EQE of the PbS-NC0£eic,i2oo/Ceo together 
compared to the absorbance curve of PbS-NCo/eiCji200- Interestingly, the first absorbance 
peak near band edge (1187 nm, 1.043 eV) does not coincide with the first maxima of 
the EQE in the infrared region (1145 nm, 1.082 eV) as intuitively expected. Instead, the 
first maxima in the EQE spectra near band edge is approximately 40 meV blue shifted 
as compared to the absorption curve. Hence, it is seen that photoinduced charge transfer 
from the PbS-NC0[ejG:i2oo to the Ceo happens from an excited state higher than the Sg-S  ^
obtained for the absorption measurement. Since PbS-NC0/e;c acts as a photoelectron donor 
it is reasonable to expect that electron transferred from an excited state approximately 40 
meV higher than the S1. Proposed electron transfer from the PbS-NC to Ceo is shown in 
figure 6.16(b). Furthermore, this evidence corroborates closely with the proposed energy 
band diagram which indicates the presence of an energy barrier for electron extraction. 
However, 200 meV proposed for this barrier (figure 6.16) is five folds larger than the value 
obtained from figure 6.14 (40 meV) which is attributed to the errors present in the bandgap 
calculation and experimental error from UPS discussed above.
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Figure 6.16: Schematic band diagram o f  P bS -N C 0ieiCti2 0o/CQo system  (a) and proposed photoin­
duced charge transfer between P b S -N C  and Ceo (b).
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6 .4  S u m m a r y
PbS-NCs with capping oleic acid ligands, fabricated in-house by a colloidal synthesis route, 
were used as photoelectron donors in PbS-NC0zejC/Ceo bilayer PV devices. As-synthesised 
PbS-NColeic based devices demonstrate low Jsc currents (11 pAcm~2) attributed to insu­
lating surfactant groups. Thermal annealing at 300 °C removed the oleic ligands, studied 
using XPS and TGA techniques. Using a simple model, the ligand weight percentage at­
tached to a single PbS-NC0ieic was calculated as 20% and was seen to corroborates with the 
value obtained from TGA (23%), justifying ligand pyrolysis. XPS analysis demonstrates a 
shift in the binding energy of Pb4yi orbital from 138.3 eV to 137.7 eV as a result of thermal 
annealing, corroborating the binding energies of PbO (138.5 eV) and uncapped PbS-NCs 
(137.4 eV), consistent with removal of oleic acid ligands. XPS analysis further showed the 
formation of elemental Pb, from Pb4yi peak at 136.8 eV, with thermal annealing found to 
be undesirable for PV operation. Therefore, optimum annealing conditions were found em­
pirically by measurements carried out on PbS-NC0feic/C6o devices, fabricated with different 
processing temperatures (250 - 350°C). Ligand removed PbS-NCozeic/C60 devices exhibited 
up to a thirty fold increase in J.5C (340 pAcm~2) as compared to untreated devices. Further­
more, infrared-photosensitivity up to 1600 nm was demonstrated with a 0.025% EQE in the 
infrared. Up to a two fold increase in the J5C was observed from hybrid devices compared 
with a reference Ceo single layer device attributed to broader light harvesting. However, 
overall r; of the hybrid device (0.015%) was lower than the reference device (0.019%) due 
to lower Voc values. Charge transfer, which facilitates larger Jsc, was investigated using 
energy levels of PbS-NC0[e;c obtained from UPS measurements. Electron transfer and hole 
extraction between the PbS-NCs and Ceo were seen to be favourable, using the energy di­
agrams. The devices reported demonstrate the potential for the development of optimised 
hybrid organic-inorganic PV devices using PbS-NC0/eic and Ceo- A greater improvement of 
the device performance is expected with further removal of the as-synthesised ligands which 
would likely to improve the exciton dissociation and carrier mobility through the PbS-NC 
film. These aspects are discussed in Chapter 7.
C h a p t e r  7
E n h a n c i n g  p h o t o v o l t a i c  b e h a v i o u r  
o f  P b S - n a n o c r y s t a l : C e o  P V s
7 .1  I n t r o d u c t i o n
An elementary PV system fabricated using PbS-NC0;etC and Ceo was discussed in Chapter 
6. Thermal annealing was seen to improve the PV performance attributed to pyrolysis 
of insulating organic ligands from the NCs. However, these hybrid devices demonstrated 
lower 7j as compared to the Ceo only reference devices, warranting further investigation. 
As discussed earlier, thermal annealing can result in detrimental changes to NCs together 
with the beneficial aspects for ligand removal. Overall, the poor performance of the hybrid 
devices fabricated thus far can be attributed to these detrimental changes. Therefore, an 
alternative approach of ligand removal was studied within this chapter with the objective of 
improving the overall PV performance in PbS-NC0zejc:CGo hybrid PV devices. One order of 
magnitude greater Jsc and i] compared to annealed PbS-NCoieiC:C60 devices were success­
fully demonstrated using a hybrid system discussed below outlining a viable technique of 
fabricating higher efficiency, broadband sensitive PV devices. The chapter is organised in to 
four sections discussing (a) experimental method and characterisation of PbS-NC0/ezC ligand 
exchange, (b) performance improvement achieved through ligand exchange, (c) treatment 
of butylamine ligand capped PbS-NC with methanol and (d) fundamental performance 
limitations of the devices.
93
7.2 Ligand exchange in PbS nanocrystals 94
7 .2  L ig a n d  e x c h a n g e  in  P b S  n a n o c r y s t a l s
The PbS-NC0ieic used in this study were synthesised according a method detailed in section 
4.1. As-synthesised oleic ligands were observed to affect the PbS-NC hybrid PV behaviour 
by reducing exciton dissociation and charge carrier transport, justified by studies carried 
out in Chapter 6 . Therefore, the relatively long oleic acid molecules (2 nm Ref. [103]) 
capping PbS-NCoieic was exchanged to shorter butylamine molecules (0.4 nm), following a 
method reported by Konstantatos et al.[124] To perform ligand exchange, the PbS-NC0jeic 
were dried under nitrogen flux and then resuspended in an excess of butylamine (C4H11N, 
Fluka 99.5%). After refluxing for 72 hours, the butylamine ligand capped NCs (PbS-NC^) 
were precipitated out by addition of an excess of anhydrous isopropanol and dissolved in 
anhydrous chloroform. Wash-precipitate cycles were repeated to obtain highly purified NCs. 
Finally, for material characterization and device fabrication the PbS-NCftta were dissolved 
in anhydrous toluene at approximately 70 mg/ml concentration.
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Figure 7.1: Optical characterization o f  ligand exchange. Absorption (solid line) and P L  (white 
squares) o f as-synthesised P bS -N C 0ieic the absorption (dash line) and PL (black squares) after 
exchange procedure is shown.
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7.2.1 Optical characterization
Figure 7.1 shows the absorption and photoluminescence of PbS-NCoZeic and PbS-NC^ 
films. Samples were prepared by spin coating NC solutions on pre-cleaned quartz substrates. 
Absorption measurements were performed using a Varian Cary 5000 spectrophotometer and 
the PL was carried out using Ar+ laser excitation at 488 nm. Laser illumination intensity 
was kept constant for both samples. After ligand exchange, the primary absorption peak 
was seen to red shift from 1.62 eV (PbS-NCoZejC) to 1.38 eV (PbS-NC5ta). Similarly, the 
PL peak of the PbS~NC&ta also red shifted from the 1.38 eV value observed for PbS-NCoZeic 
to 1.06 eV. Hence, based on above the spectroscopic evidence, is clear that a significant 
perturbation of the electronic structure of the NCs had occurred through the process of 
ligand exchange. This change can be qualitatively understood by considering the NC as 
a finite potential well. Any change to surface states, which are understood to be strongly 
dependent on the passivating surfactants, would effectively change the potential well height 
affecting the energy levels within the well. Furthermore, observing the FWHM of PL peak 
of PbS-NCoZeiC (210 meV) and PbS-NQ,Za (186 meV), it is found that size distribution is 
also changed after the ligand exchange process. Change in the size distribution, possibly 
resulted from the non-uniform ligand change for different NC sizes, results in a change of 
the non-resonant Stokes shift from 240 meV for the PbS-NCoZeZc to 320 meV for PbS-NQ,io.
7.2.2 FTIR analysis
In order to further study the process of ligand exchange, infrared spectroscopy was carried 
out using a Fourier Transform Infrared Spectrometer (FTIR). An Analytical Instruments 
Protege 460 FTIR was used. Infrared measurements were obtained using the grazing- 
incidence reflection of infrared light from thin film PbS-NC samples deposited on In2 0 3 :Sn 
(ITO) substrates (inset figure 7.2). ITO functions as an excellent reflector of infrared 
light, within the 3500 - 1000 cm-1 region studied, as shown by figure 7.2. Samples for 
FTIR analysis were prepared by spin coating PbS-NCoZejc and PbS-NC&Zo on to precleaned 
ITO substrates maintaining identical film thickness (~100 nm). Absorption of the infrared 
energy within the vibrational modes of the PbS-NC species results in the loss of transmitted 
light, at specific wavenumbers, reaching the detector.
The PbS-NCoZezc sample showed strong CH2 stretching modes at 2923 cm-1 , 2853 cm-1 
and strong C—O stretching modes at 1540 cm-1 and 1460 - 1400 cm-1 characteristic of
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Figure 7.2: FTIR analysis of ligand exchanged NCs. The inset shows schematic shows the grazing- 
incidence infrared spectroscopy method used.
oleic acid as seen in previous studies.[125] [126] Interestingly, the sharp peak corresponding 
to C =0 (asymmetric vibration), reported at 1710 cm-1 characteristic of free oleic acid 
was not observed here. This observation further supported the XPS results on PbS-NC0/efc 
discussed in section 6.2.2, where the oleic ligands were proved to be linked to PbS-NCtyeic 
via the carboxylic moiety. A significant reduction of the CH2 stretching modes (2923 cm-1 
and 2853 cm-1 ) is observed from the PbS-NC&fa NC film. This reduction can be attributed 
to the lower number (4) of CH2 found in n-butylainine as opposed to oleic acid (15). The 
FTIR curve of PbS-NC^ clearly lacks the carbonyl (C =0) vibrations found in the PbS- 
NC 0ieic sample indicating the removal of the oleic ligands from the PbS-NQ,to sample. 
Interestingly, the N-H stretching and bending vibrations associated with free butylamine, 
found between 3200 - 3600 cm-1 (Ref. [124]), did not appear in the PbS-NC^a. Lack 
of free butylamine can be attributed to its low boiling point (78°C) which results in the 
evaporation of any physisorbed ligands from the NC sample. Alternatively, it is possible 
to argue that the ligature between the butylamine and a PbS-NC would be via this N-H 
moiety, assuming a similar premise used for oleic acid given above.
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7.2.3 P b S -N C  films on  con du ctive  substrates
F o r  P V  d e v ic e  f a b r ic a t io n ,  n a n o c y s t a l l in e  t h i n  f i lm s  m u s t  e x h ib it  u n if o r m  a n d  p in h o le  fre e  
s u r f a c e  c o v e r a g e  o n  c o n d u c t iv e  s u b s t r a t e s .  T h e r e f o r e ,  a  s t u d y  w a s  c o n d u c t e d  to  in v e s t ig a t e  
t h i n  f i lm  m o r p h o lo g y  o f  a s -s y n t h e s is e d  a n d  b u t y l a m in e  e x c h a n g e d  P b S - N C s  o n  t h e s e  s u b -
F i g u r e  7 .3 :  A F M  characteristics o f  (a) pristine ITO, (b) P E D O T .P SS coated ITO , (c) PbS-NC0ieiC 
on ITO, (d) PbS-NCoieic on P E D O T .P SS coated ITO, (e) PbS-NCbta on ITO  and (f) PbS-NCbta 
on P E D O T .P SS coated ITO.
7.2 Ligand exchange in PbS nanocrystals 98
Sample RMS roughness (nm) Average Height (nm)
ITO 2.29 11.60
PEDOT:PSS 1.20 4.90
PbS-NCo/eic on ITO 10.18 49.04
PbS-NCbta on ITO 10.84 32.19
PbS-NC0ieic on PEDOT:PSS 10.65 34.64
PbS-N C6ta on PEDOTrPSS 2.84 10.36
Table 7.1: R M S  roughness and average height o f the samples shown in figure 7 .3  obtained from  
A F M .
strates. PbS-NC0/eic and PbS-NQ>ta solutions were spin coated at 2000 rpm (60 seconds) 
on pre-cleaned pristine ITO and poly(3,4-et.hvlenedioxythiophene) poly(styrenesulfonate) 
(PEDOT:PSS) (Sigma Aldrich) coated ITO substrates. PEDOT:PSS is extensively used 
in the field of OLEDs as a promising hole injector. [127] It demonstrates a higher work- 
function (~5.2 eV) than ITO, ideal for charge injection to the HOMO levels of photoactive 
organic materials commonly used. Furthermore, PEDOT:PSS demonstrates > 80% opti-
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Figure 7.4: Average cross sectional heights o f  the samples shown in figure 7.3 obtained from  A F M .
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cal transmission between 300 - 1000 nm, favourable for optoelectronics.[128] These salient 
features together with its high conductivity (> 1 Scm-1 Ref. [129]) makes PEDOT:PSS a 
suitable hole extractor for PVs. PEDOT-.PSS was spin coated at 3000 rpm (60 seconds) 
and annealed at 125 °C for 20 minutes in air.
Figure 7.3, gives the AFM images of PbS-NCoZezc and PbS-NC^o films deposited on ITO 
and PEDOT:PSS, respectively. Table 7.1 shows the RMS roughness and average height for 
each sample. On ITO both PbS-NCoZeic and PbS-NC&Za demonstrates a similar roughness 
and relatively close average height. Similarly, PbS-NCoZeic deposited on PEDOT:PSS shows 
an identical roughness (10.65 nm) to both PbS-NCoZeiC and PbS-NC&ta deposited on ITO. 
However, PbS-NCj,Za deposited on PEDOT:PSS shows a remarkably lower roughness (2.84 
nm) and average height (10.36 nm) as compared to all other PbS-NC deposited samples. 
Average cross-sectional height profile, given in Figure 7.4, further illustrates the compara­
tively smoother morphology of PbS-NCfaa deposited on PEDOTrPSS.
The general reduction of the average height on films deposited on PEDOT:PSS as com­
pared to films deposited on ITO, can be attributed to the smoother substrate surface of 
PEDOT:PSS (average height: 4.9 nm and RMS roughness: 1.2 nm) as opposed to the com­
paratively rough ITO surface (average height: 11.60 nm and RMS roughness: 2.29 nm). 
More compellingly, the smoothness of the NC film on PEDOT:PSS was seen to clearly 
dependent on the passivating ligand type. Unlike PbS-NCoZe-jc which seems to aggregates 
into larger domains, with dimensions greater (> 500 nm) than the diameter of the NCs (~4 
nm), the PbS-NCfoa film smoothly follows the PEDOT:PSS topology as shown by figure 7.4. 
However, both PbS-NCoZeZc and PbS-NC^a clearly form into aggregates when deposited on 
pristine ITO which confirmed the critical importance of having butylamine capped ligands 
deposited on PEDOT:PSS for aggregate-free PbS-NC film formation.
Preparation of smooth PbS-NC films on thiol treated rough ITO films has been reported 
in literature. [45] In such reports, the smoother film coverage resulted from chemisorption of 
PbS-NC to ITO via the thiol moiety. Therefore, a similar hypothesis can be put forward to 
explain the smooth PbS-NQ,ia film formation on PEDOT:PSS where PbS-NCs are preferen­
tially thought to attach to underlying PEDOT:PSS molecules when covered by butylamine 
ligands. The exact function of the butlyamine ligands for the PbS-NC/PEDOT:PSS inter­
action is, however, not clearly understood. Either the butylamine ligands could be involved 
in an interlink between the PbS-NC and the PEDOT:PSS, or a direct interaction between
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the PbS-NCs to sulfonile (SO-?) groups in the PSS would be facilitated by the compara­
tively shorter butylamine ligands (~0.4 nm). Investigation of the cause for such interaction 
was not pursued as part of this study.
7 .3  P h o t o v o l t a i c  f a b r i c a t i o n  a f t e r  l ig a n d  e x c h a n g e
Hybrid PbS-NCfaa:C6o photovoltaic devices were fabricated using a similar method dis­
cussed in Chapter 6. PEDOT:PSS was spin coated on pre-cleaned ITO films at 3000 rpm 
(60 seconds) and annealed at 125°C for 20 minutes. Afterwards, a PbS-NCb£a film (~100 
nm) was spin coated at 2000 rpm for 60 seconds in a nitrogen filled glove box. A 30 nm 
layer of Cgo (American Dye source) was deposited (~0.1 nms-1 ) under vacuum at 10-5 
torr on to PbS-NC coated substrates, followed by a 10 nm layer of bathocuproine (BCP) 
(Aldrich). BCP is a high bandgap (4.0 eV) small molecule organic material commonly used 
in organic photovoltaic devices as an exciton blocking layer between he active layers and the 
top metal contacts.[130] Furthermore, reports in literature suggest that BCP improves the 
series resistance of the PV device and also buffers against filamentary shorting caused by 
the migration of the evaporated metal through the active layers. Following the deposition of 
BCP, an Al top electrode was deposited through a shadow mask to create an active device 
area of ~10 mm2. The fabricated devices were characterised using current density-voltage 
(JV) under AM1.5G simulated solar irradiation and external quantum efficiency (EQE) 
measurements as described in section 4.4.
7.3.1 Performance comparison between oleic and butylamine ligands
Figure 7.5 shows a comparison of PbS-NC:C6o devices made with approximately similar 
diameter PbS-NC0£ejc and PbS-NC^ NCs. JV and QE data for PbS-NC0iejC:Coo device 
was obtained from an earlier chapter (figures 6.8 and 6.9). The PbS-NC^a:C6o device was 
fabricated with PbS-NC^ film annealed at 200 °C  for approximately 10 minutes under 
nitrogen to maintain similar experimental conditions as above. Ligand exchanged PbS-NC 
device clearly showed a greater short circuit current density (Jsc), open circuit voltage (Voc) 
and overall greater EQE. The infrared light harvesting was seen to increase by greater than 
two orders of magnitude after ligand exchange which clearly indicated the enhancement 
of exciton dissociation and charge carrier mobility of PbS-NCs with shorter butylamine
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Figure 7.5: Comparison of JV and EQE of PbS-NC: Cqo devices fabricated with as-synthesised 
PbS-NCoieic and PbS-NCbta-
ligands. Overall, the Jsc and p increased from 0.2 to 0.9 mAcm-2 and 0.01% to 0.08% 
respectively after ligand exchanged. It was also seen that PbS-NC0jejc/Geo PVs fabricated 
with PbS-NColeic films deposited at 2000 RPM for 60 seconds, which were the identical 
deposition conditions used for PbS-NCQa film, short circuited. This was attributed to the 
substantially rough nature of the PbS-NC0fejc film deposited on PEDOT:PSS, discussed 
in the previous section. Therefore, further to the favourable aspect of improved charge 
transfer, butylamine was also seen to aid in the fabrication of smoother and thinner NC 
films with its favourable interaction with PEDOT:PSS.
As seen in the previous section, butylamine ligand exchange is observed to increase Jsc and 
p for bilayer PbS-NC: Ceo photovoltaic devices. Greater improvement of the device per­
formance was expected by further removal of the butylamine ligands. It had been shown 
previously that PbS-NC^a films soaked in methanol for approximately 2 hours caused a 
decrease of inter-particle separation and subsequent cross-linking, resulting in two orders of
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magnitude increase of the dark current density. [124] In this study, a similar approach was 
used to improve the photovoltaic device characteristics.
7.4.1 Change in the optical characteristics
Optical characteristics of PbS-NC^,, films measured before (untreated) and after soaking in 
methanol (treated) is shown in Figure 7.6. Observing the absorbance data, the treated PbS- 
NCbta films demonstrate enhanced absorbance throughout the spectrum compared to the 
untreated films. Similar observations, made by Luther et al. for PbSe NC films treated with 
1,2-ethanedithiol, attributed the increase in absorbance to the change in dielectric constant 
of the media surrounding the NCs. [131] Since methanol treatment would cause a change 
of the PbS-NC matrix by the displacement of butylamine ligands, hypothesis presented by 
Luther et al. accurately describes above observations. Furthermore, by observing the PL 
spectra it can be noted that treated PbS-NC^ films PL peak is red shifted by approximately 
20 meV compared to the untreated PbS-NC^ film. This observation is consistent with 
the PL data presented in Figure 7.1 where PbS-NC^a PL peak red shifted significantly
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Figure 7.6: Absorbance (white square) and P L  (thin dotted line) characteristics o f  methanol soaked 
PbS-NCbta• The absorbance (black square) and P L  (thick solid) o f a reference PbS-NCbta film  
without methanol treatment.
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compared to PbS-NCoZeic after ligand exchange. Similar but less subtle change in the NC 
electronic configuration is effected by the removal of the butylamine ligands from the PbS- 
NCbta- The PL intensity of the treated NC film was observed to be lower than the untreated 
film attributed to the concomitant increase in non-radiative pathways with the reduction 
of surface passivation.
7.4.2 P b S -N C ^  single layer device characteristics
Single layer PbS-NC&fa devices were fabricated by sandwiching PbS-NC^ films spin coated 
at (2000 l'pm for 60 seconds) between PEDOT:PSS and BCP:A1 bottom and top layers re­
spectively. Spin coated PbS-NCf,fa films were soaked for a short period (several seconds) 
in anhydrous methanol, in a nitrogen filled glove box, prior to top layer deposition. Device 
characteristics are compared with a reference (untreated) single layer device (Figure 7.7). 
Under AM1.5G illumination, a 35 fold increase in the Jsc and 380 fold increase of forward 
bias current density, taken at 1.0 V, are observed after methanol treatment. Furthermore, 
in dark conditions a 60 fold increase of the forward bias current density was demonstrated
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Figure 7.7: JV characteristics of single layer NC device, fabricated after methanol treatment of the 
PbS-NCs, measured under light (white triangles) and dark (black triangles). A reference single layer 
device measured under light (white squares) and dark (black squares).
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by the treated PbS-NQ,ta single layer device compared to the reference. The above ob­
served increase of the dark and light conductivity with methanol treatment is consistent 
with previous work reported on surface treatment of butylamine capped NC films and is 
attributed to the improved carrier mobility resulting from enhanced inter-dot coupling due 
the loss of passivating ligands. [124] [131]
7.4.3 Device performance change with methanol soaking time
PbS-NCftt0 films spin coated on PEDOT:PSS were immersed in anhydrous methanol for 
different time durations followed by fabrication of PbS-NCft£a:C6o photovoltaic devices. A 
device fabricated without methanol treatment was used as a reference. Associated device 
characteristics are shown in Figure 7.8. The device exposed to 10 seconds in methanol 
showed greater Jsc (5 mAcm-2) as compared to the reference device. However, Jscs of the 
hybrid devices exposed for longer times were significantly lower than the untreated device. 
The degradation observed with longer exposure to methanol was thought to be caused 
primarily by desorption of NCs from the PEDOT:PSS layer. Furthermore, the underlying 
the PEDOT:PSS would also dissolve to a small degree in methanol at extended periods of
Voltage (V)
Figure 7.8: PbS-NCbta:C60 devices characteristics as a function of surface treatment time.
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exposure. Visible degradation of the films were observed when the PbS-NCf,ta was soaked 
in methanol for several hours, supporting the above conclusion. Therefore, an optimum 
soaking time of 10 seconds, obtained empirically using the above analysis, was used for 
device fabrication for further analysis.
7.4.4 Performance comparisons
Figure 7.9 shows the JV characteristics of treated, untreated PbS-NC^Ceo (methanol- 
hybrid, untreated-hybrid) devices and single layer devices of Ceo (Ceo-only) and PbS-NC[&io 
(methanol-PbS-only, untreated-PbS-only). All devices were measured under AM1.5G sim­
ulated solar irradiation. Prom comparison, the methanol treated hybrid device (methanol- 
hybrid) is seen to demonstrate, the larger Jsc (5 mAcm-2) and consequently yields the 
highest q of 0.44 % under AM1.5G. Corroborating the data presented in figure 7.8, soaking 
in methanol for 10 seconds seem to dramatically increase Jsc of the methanol-hybrid (5 
mAcm-2 ) and methanol-PbS-only (1.35 mAcm-2) as compared to the untreated-hybrid 
(2.8 mAcm-2) and untreated-PbS-only (0.04 mAcm-2) respectively.
Figure 7.9: JV comparison of methanol treated (dark squares), untreated (white squares) PbS- 
NCbta-'Qjo device, methanol treated (dark triangles), untreated (white triangles) PbS-NCita single 
layer device and Cqq single layer device (dark squares).
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Figure 7.10: EQE of methanol soaked hybrid (white squares) Cqq single layer device (dark squares) 
and absorbance of PbS-NCbta film (solid line) and Ceo (dash line).
Both methanol-hybrid (5 mAcm-2) and untreated-hybrid (2.8 mAcm-2) showed larger 
Jsc as compared to the Cgo-only device (0.88 mAcm-2). This increase is attributed to 
the increased photocurrent generation from PbS-NC^ together with the enhanced exciton 
dissociation at the PbS-NC^/Ceo heterojunction. To investigate the photo harvesting 
capability of the NCs EQE measurements, presented in figure 7.10, were carried out. The 
methanol-hybrid device is seen to exhibit approximately 34% EQE as compared to the 
15% shown by Ceo-only device at 400 nm. Within the infrared region (750-1100 nm) the 
methanol-hybrid device is seen to demonstrate approximately (~5%) EQE as compared 
to Ceo-only device which shows significant device performance only up to 650 nm. Up to 
two fold increase of the EQE demonstrated in the visible region is caused by the increased 
exciton dissociation taking place at the NC-fullerene hetero junction. Furthermore, it is 
clearly seen that broadband photon harvesting is taking place within the NC hybrid device 
as compared to the Ceo single layer device. The cumulative effect of both phenomena, of 
enhanced exciton dissociation and extended spectral absorbance, results in the increased 
Jsc as compared to the reference Ceo-only device. Low Jsc (1.35 mAcm-2) of the methanol- 
PbS-only device compared to the .Jsc of the metlianol-hybrid (5 mAcm-2) further justifies
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the importance of the formation of donor-acceptor hetero junction for the dissociation of 
excitons in NC based hybrid PV devices.
7.4.5 V oc formation of the hybrid PVs
As seen in figure 7.9, the Voc of the hybrid PVs is observed to increase from 0.13 V for 
the untreated-hybrid to 0.26 V for the methanol treated-hybrid device. Whilst the factors 
affecting the Voc in OPV devices are still the subject of debate, it is generally accepted that 
the maximum attainable Voc is given by the LUMO - HOMO difference between the acceptor 
and donor, as discussed in previous chapters. [70] Work reported by Khodabakhsh et al. is 
consistent with this model, demonstrating that the Voc in bi-layer OPV is independent of 
the workfunction of the hole accepting electrode. [117] Conversely, it has also been reported 
that non-ohmic energy level alignment at the contact with the electron accepting electrode 
in bulk-heterojunction OPV device leads to a linear dependence of the Voc on the difference 
in workfunction between the anode and cathode. [71] Based on measurements of the IP of 
PbS-NCft£a (5.2 eV), obtained from direct measurements explained in section 8.1.3.1, and 
LUMO of Ceo (4.5 eV Ref. [76]), the theoretical maximum Voc for PbS-NQ,£o and Ceo PV 
system was estimated as 0.7 eV. However, as observed from figure 7.9, the Voc values 
for the hybrid PVs systems fall well short of 0.7 V, which is compelling evidence that the 
workfunction of the electrodes plays a role in determining Voc in these PVs. Since the Fermi 
level of Al is reportedly pinned to the LUMO of Ceo and the work function of PEDOTrPSS 
is ^5.1 eV (Ref [127]), the absolute anode-cathode energy difference is ~0.6 eV. However, 
since the Voc achieved is at least a factor of two smaller than 0.6 V, there are valid grounds 
to postulate the formation of an interfacial dipolar layer at the PEDOT:PSS/PbS-NC&£a 
interface which acts to reduce the work function of PEDOT:PSS, thereby reducing Voc.
The formation of interfacial dipoles resulting in negative interfacial vacuum level shifts as 
large as 1 eV are well known to occur at many metal-organic interfaces and are not always 
the result of a chemical interaction. [86] In the current context the electropositive nature of 
butylamine ligands may act to reduce the PEDOT:PSS work function in one of two ways. 
According to one proposed method, a possible chemisorption between the PEDOT:PSS and 
butylamine ligands of the PbS-NCftta are thought have caused an interfacial dipole which 
is thought to reduce the workfunction of PEDOT:PSS. The possibility of chemisorption 
is supported by experiments discussed earlier in section 7.2.3, which investigated uniform
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PbS-NC^a film formation on PEDOT:PSS. Prom spectroscopic studies on PEDOT:PSS 
reported in literature, it is known that an insulating PSS layer (~3.5 nm) is found on either 
side, sandwiching the highly conductive PEDOT backbone. [127] Hence, it is possible that 
butylamine ligands could be attached to the sulfonile (SO-3 ) groups found on the top PSS 
layer through an acid-base reaction via the NH2 moiety which is basic. Such interactions 
would cause an interfacial dipole to point away from the electrode substrate, creating the 
negative vacuum level shift on PEDOT:PSS.
Alternatively, it is possible that a dipole is induced in the weakly polar, but electron 
rich, alkylamine ligand because of its close proximity to the intrinsically polar PEDOT:PSS 
surface. From figure 7.9, it is seen that when the PbS-NC layer is washed with methanol to 
remove the butylamine ligands the subsequent hybrid PVs show increased Voc. A similar 
increase of Voc is observed in the PbS-NC^a single layer PV devices, as shown in figure 7.7, 
from 0.4 V to 0.46 V with and without methanol treatment. It is likely that washing with 
methanol at least partially removes the butylamine ligand at the PbS-NC/PEDOT:PSS 
interface and improves the contact with PEDOT:PSS by partial dissolution or softening 
of the PEDOT:PSS surface. Consequently, as pointed by the above evidence a key factor 
for achieving larger Voc in these hybrid PV devices is the minimisation of such adverse 
interfacial dipole formation at the charge collecting interfaces.
7.4.6 Analysis of the device structure
Active layer morphology of the methanol-hybrid device was analysed using cross-sectional 
TEM (xTEM). Figure 7.11 is a High-Angle Annular Dark Field image (HAADF) taken on 
a Hitachi HD2300A STEM at 200keV acceleration voltage using a Schottky field emission 
source. Layer identification was carried out using a Energy Dispersive X-ray (EDX) anal­
ysis. Phase separation is clearly seen between the ITO (134 nm), PEDOT:PSS (23 nm), 
PbS-NC&fa +  Cqo (160 nm), BCP (10 nm) and Al (^61 nm) layers. However, a considerable 
intermixing of the active layers PbS-NC^to and Cqo layers is observed suggesting substantial 
diffusion of Ceo into PbS-NC^a layer favourable for exciton dissociation. A possible expla­
nation for the above phenomena is the presence of nano-voids formed on the PbS-NC^ 
surface. It was possible to understand the origin of such nano-voids observing the TEM 
image of a thin PbS-NCfaa film shown in figure 7.12. PbS-NC^ used for this study did not 
form ordered 2D assemblies similar to PbS-NC0/eiC as shown in figure 6.2. Instead, the PbS-
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Figure 7.12: TEM of PbS-NCbta film deposited on a holey carbon film.
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NChta film is seen to form axial assemblies (rod-lilce) consistent with literature. [132] [133] 
Such formation of axial assemblies suggest that these PbS-NC&£a films loose considerable 
percentage of the volatile butylamine ligands on drop/spin casting, resulting in a sponta­
neous volume reduction. Therefore, it is possible to postulate that the PbS-NQ>£a film may 
form voids as a result of drastic reduction in capping surfactant groups. Formation of nano­
voids and cracks are consistently observed in reports investigating nanoparticle crosslinking 
strategies.[131] However, these voids were not resolvable in AFM studies (figure 7.3). Lower 
FF (0.34) observed for the PbS-NC&£a/C6o can be attributed to lower Rshunt resulting from 
filament formation through voids. A possible solution would be controlled film formation 
done under saturated solvent conditions which eliminates the possibility of any spontaneous 
volume reduction within the deposited film, thereby reducing the possibility of nano-void 
formation.
7.4.7 Improvement of the device performance
As presented earlier, the PbS-NC&£a:C6o hybrid devices treated in methanol demonstrated 
one order of magnitude greater p (0.44%) as compared to the PbS-NCoze£c:C60 devices 
(0.01%) discussed in Chapter 6. To further enhance the device performance, further opti­
misation of the J6C, Voc and FF is needed. A simplified model was utilised to estimate the 
theoretical maximum EQE and Jsc, under AM1.5G, from a PbS-NC^ (100 nm) and Ceo (30 
nm) bilyer hetero junction PV device and was compared with the practically demonstrated 
PV discussed above.
7.4.8 Bilayer heterojunction device model
The EQE (Peqe) of a single OPV is taken as a product of light absorption (Pa)-, exciton 
diffusion (pED), charge transfer (per) and carrier collection (pGc) efficiencies as given in 
equation (3.19), discussed earlier in section 3.4.3. For an ideal OPV, considered here, both 
Pct and pec are taken as unity. Therefore, the simplified EQE of a single layer OPV is 
obtained as the product of pA and pED. The pA of an active organic layer is taken as a 
function of the absorption coefficient (a), given in equation (5.1). The pBD is taken as a 
function of the exciton diffusion length (L )^ as given in equation (5.2). Therefore, the ideal 
EQE for a single layer OPV (px) can be obtained as a function of both a, L  ^and the layer 
thickness (I) as given in equation (7.1).
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Figure 7.13: Schematic of bilayer device model.
rh =  ( l  -  e” ^ )  e(-VL-> (7.1)
Figure 7.13 gives a schematic diagram of a generic bilayer organic solar cell consisting 
of a donor (A) and an acceptor (B) layer, sandwiched between a transparent conductive 
electrode (ITO) and reflective back contact (Al). The transmission coefficient of ITO is 
taken as Tu0. 100% and 0% reflectivity of the incident light is considered at the Al and ITO 
interfaces respectively. ax, Ld)X and lx are the absorption coefficient, exciton diffusion length 
and layer thickness per each layer. Po(A) is the AM1.5G power intensity per wavelength. Io 
is defined as the incident light intensity on the first layer A. Within a bilayer device, when 
calculating the efficiency of carrier generation from each layer, it is essential to consider
the transmission loss of the light travelling through the bulk. The transmission factor of
incident light on a layer x is defied as (Tx), given by equation (7.2).
r - =  I I  (e- "* -1' - 1)  (7.2)
Equation (7.3), gives the EQE for an active layer (qx) within a bilayer OPV. EQE for the 
whole bilayer device is given in equation (7.4) where r/x and rja r are EQE of each layer in the 
forward and reflected light. Since a single photon cannot contribute to carrier generation in 
multiple layers the (rja C\qhC\ qa^r fi qbg)  factor is zero. Therefore, using equations (7.3) and
(7.4) the EQE for the bilayer given in figure 7.13, was derived as given in equation (7.5). 
The estimated short circuit current (j 'sc) is defined in equation (7.6).
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The 77bqb and j'sc values were obtained for a bilayer device with PbS-NC^ and Ceo layer 
thickness taken as 100 nm and 30 nm respectively. The Lpbs was taken as 1000 nm con­
sidering ideal conditions. The LC60 was taken as 40 nm, given in Table 5.1. The a pb.s and 
aC60 was obtained from measurements. Using the AM1.5G solar spectrum between 400 - 
1100 nm the r]'EQE and j'sc were obtained as shown by figure 7.14. Under the ideal con­
ditions assumed above, the theoretical maximum current generated from the bilayer PV 
is given as 16.3 mAcm-2 . Replacing rj'EQE with the measured EQE values, obtained from 
figure 7.10, in equation (7.6) the Jsc was calculated as 4.8 mAcm-2 which is in excellent 
agreement to the measured Jsc of 5 mAcm-2 for the PbS-NC^/Ceo device treated with 
methanol. Therefore, it is clearly seen that this hybrid PV architecture is demonstrating 
approximately one third magnitude of the maximum estimated Jsc.
Several factors can influence the reduced Jsc obtained form the hybrid PV device relative 
to the maximum predicated Jsc. Exciton diffusion in the PbS-NC^a would have a physical 
limitation much less than 1000 nm as well as the charge transfer and carrier collection 
efficiencies would be less than unity as assumed in the ideal case. Charge transfer and 
carrier collection would be affected by the any residue ligands present in the PbS-NC&ia 
film. Furthermore, the degradation of the device when measured under ambient conditions 
would also affect the smaller Jsc obtained.
The device model also gives an interesting outlook of the role of charge accepting Ceo on 
the performance of the device. Using the model provided above, the estimated contri­
bution from Ceo to the photocurrent generated in the bilayer was seen to be negligible.
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Figure 7.14: Calculated and measured EQE and Jsc of a PbS-NCua (100 nm) and Ceo (30 nm) 
hybrid PV device. Theoretical EQE (qEQB) is given by black squares and theoretical j sc value is 
given by a solid line. Measured EQE and Jsc calculated using the measured EQE are given by white 
squares and a dashed line respectively.
This contradicts the earlier observations given in figure 7.9 between the bilayer hybrid PVs 
and the single layer PbS-NC&Za and Ceo devices, which demonstrated significantly larger 
Jsc values from the bilayers as opposed to the single layer devices. This implies the crit­
ical importance of the PbS-NCbta-Ceo heteroj unction on the charge dissociation efficiency 
of these devices. Therefore, it is believed that possible bulk heteroj unction architecture 
between NC and functionalised-fullerenes would further improve the device performance. 
Using the maximum Jsc obtained above, the maximum possible q expected for an ideal 
PbS-NC&ta/Ceo device, assuming similar Voc (0.26 V) and FF (0.34), was calculated to be 
approximately 1.4%. Therefore, further performance optimization is critically depended on 
increasing the Voc and FF. The critical dependence of Voc on the workfunction difference 
of the contacts and on interfacial dipoles was discussed earlier. Device architectures based 
on organic donors and Ceo acceptors, utilising ITO and Al electrodes, have demonstrated 
Voc of approximately 0.6 V.[134] Therefore, Voc could be further improved to approach 
these values resulting in the expected q increasing greater than 3.3%. Furthermore, in­
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crease of the FF from the presently obtained value of 0.34 close to unity, by improved film 
deposition and further ligand removal, as discussed earlier would increase estimated p close 
to 9% under AM1.5G.
7 .5  S u m m a r y
Within this chapter, an optimised PbS-NC:Ceo photovoltaic device was fabricated and char­
acterised. As-synthesised oleic acid ligands were exchanged to shorter butylamine ligands 
to improve charge transport within PbS-NC films. Ligand exchange was investigated using 
absorption, PL and FTIR spectroscopic techniques. Exchange of the surfactant groups 
was seen to affect the electronic structure of the PbS-NC as seen from the absorbance 
(PL) measurements, which red shifted from 1.62 eV (1.38 eV) to 1.38 eV (1.06 eV). Sig­
nificant reduction of the CH2 stretching modes in PbS-NC&£a as compared to PbS-NCo£eic 
was observed from FTIR corroborating the optical spectroscopic results. Importantly, the 
PbS-NCftta NCs formed smoother films (2.84 nm RMS roughness) as compared to PbS- 
NC0ieiC (10.65 nm RMS roughness) on conductive PEDOT:PSS coated ITO substrates, 
attributed to chemisorption between the butylamine moiety and PSS groups, studied using 
AFM. Smoother film formation facilitated, deposition of thinner PbS-NC&£a films (~100 
nm) without pinholes, critical for the fabrication of thin film devices with better carrier 
extraction and higher Rshunt- PbS-NCftta/Ceo device demonstrated increased Jsc of 0.9 
mAcm-2 compared to the PbS-NCo£ejc/Geo 0-2 mAcm-2 , discussed in Chapter 6. Conse­
quently a greater p of 0.08% was demonstrated by the PbS-NC^a/Ceo PV as compared 
to 0.01% observed for PbS-NCoieiC/C 60 system. Furthermore, PbS-NC&£a/C6o PV exhib­
ited two orders greater EQE (~1%) at infrared wavelengths demonstrating superior light 
harvesting in the infrared region.
Soaking of PbS-NQ,£a films in anhydrous methanol was carried out to further remove the 
butylamine ligands. Up to a 380 fold increase of the forward bias current under illumination 
was observed in PbS-NCftia single layer PV devices after methanol treatment. Furthermore, 
methanol treated PbS-NQ,£a films demonstrated a 20 meV shift in the absorption peak, as 
well as increase of absorption at higher optical energies. This phenomena was attributed 
to the perturbation of the electronic structure of the PbS-NC^ with ligand removal and 
the change in the dielectric properties of the PbS-NC&£(l film, corroborating reports in 
the literature. Using methanol treated NC films PbS-NC&ta/Ceo devices demonstrated a
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5 mAcm-2 Jsc and 0.44% q which is the highest reported for narrow bandgap NC and 
organic hybrid PVs to date. Furthermore, up to 35% EQE was at UV wavelengths (400 
nm), together with ~5% EQE in the IR (750 - 1100 nm) was observed justifying the large 
Jsc as compared to a reference device. The Jsc obtained for this device was calculated using 
a simple model, as a third of the maximum expected from an ideal device configuration 
involving 100 nm of PbS-NQ,ta and 30 nm Ceo layers. However, Voc was found to be 
dependant on the PED0T:PSS/PbS-NC&to interfacial effects which were seen to reduce 
PEDOT:PSS worlcfunction, consequently reducing the Voc to 0.26 V. Crossectional TEM of 
the PbS-NCf,ta/C6o system exhibited an interpenetration of the NC and Ceo active layers, 
thought to be a result of diffusion of Ceo to voids formed on the PbS-NC^ film. The 
low FF (0.34) resulting from low Rshunt observed in these PVs were attributed to these 
voids, further observed using TEM analysis of PbS-NC^ta thin films. It is expected that by 
controlled deposition of NCs, eliminating the possibility of spontaneous volume reduction, 
void free NC films could be deposited, significantly increasing the FF. With improved 
Voc and FF the estimated q for a methanol treated PbS-NCfaQ/Ceo PV system was predicted 
to approach an ideal value of 9%.
C h a p t e r  8
A c e n e : P b S - n a n o c r y s t a l  
p h o t o v o l t a i c s
PbS-NC hybrid PV devices in which the NCs functioned as efficient electron donors were 
discussed in Chapters 6 and 7. The work presented in this chapter is focused on the possibil­
ity of using PbS-NCs as electron acceptors in hybrid PV devices. Pentacene and tetracene 
(acenes) were utilized as the photoactive donor material studied here. Photoinduced charge 
transfer was investigated, between acenes and PbS-NCs, using optical spectroscopic tech­
niques as well as EQE measurements. Explanation of the photoinduced charge transfer 
phenomena was augmented using energy band diagrams constructed with cyclic voltamme- 
try measurements of the butylamine ligand capped PbS-NCs (PbS-NQ,£a). Furthermore, 
methods of enhancing the photoinduced charge transfer between acenes and NCs are also 
presented which has implications for the fabrication of higher efficiency PV devices.
8 .1  C h a r g e  t r a n s fe r  b e t w e e n  a c e n e  a n d  P b S - N C s
A key problem associated with organic and hybrid optoelectronic device fabrication is 
the incomplete understanding of the criteria for photoinduced charge transfer between 
organic: organic and organicdnorganic hetero junctions. Photoinduced charge transfer en­
compasses both electron transfer and hole transfer dynamics. As explained in the earlier 
chapters, the generally accepted condition for electron transfer is the formation of a het­
erojunction between low electron affinity (EA) donor and high EA acceptor such that the
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Figure 8.1: EQE of pentacene/Cqq (dark square) and tetracene/Cm (white square) and normalised 
absorbance of pentacene (solid line) and tetracene (dashed line).
energy level difference is greater than the exciton binding energy of the donor. Similarly, a 
high ionisation potential (IP) donor and low IP acceptor interface is thought to be neces­
sary for hole transfer. [24] Analysis of the degree of photoinduced charge transfer between 
PbS-NCs and acenes were carried out to study the suitability of using acenes as electron 
donor material in hybrid PV devices.
Pentacene and tetracene are chemically closely related small molecular organic semi­
conductors with very similar electron affinities but with significantly different ionization 
potentials. The suitability of using pentacene and tetracene as electron donors to Ceo has 
been extensively investigated previously.[76] [134] Figure 8.1 shows the EQE measurements 
of pentacene (45 nm)/C6o (30 nm) and tetracene (80 nm)/C6o (30 nm) devices, together 
with absorbance spectrum of the respective acene thin films. Examining the absorbance 
spectrum of each material and the corresponding device EQE, it is clearly seen that both 
pentacene and tetracene are significantly contributing to light harvesting. Both of the EQE 
spectra for pentacene/Ceo and tetracene/Ceo closely follow the absorbance spectrum of the 
respective acenes, showing sharp increase in EQE at the corresponding bandgaps of pen­
tacene at 663 nm (1.9 eV) and tetracene at 525 nm (2.4 eV). The strong PV behaviour
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Figure 8.2: (a) J V  characteiistics o f  pentacene/Cqq in light (white square), dark (dark square) and 
tetracene/Cso in light (white circle), dark (dark circle).
of pentacene/Ceo was discussed in section 5.3. Further to this, tetracene/Ceo also exhibits 
excellent PV behaviour (figure 8.2), demonstrating a Jsc of 1.5 mAcm-2 , a relatively large 
Voc of 0.6 eV and a FF of 0.64. Therefore, pentacene and tetracene were identified as suit­
able electron donors to PbS-NCs to fabricate hybrid PV devices which could potentially 
demonstrate higher J5C and Voc values. To fulfil this objective, the photoinduced charge 
transfer between the acenes and PbS-NCs were investigated by fabricating pentacene/PbS- 
NC and tetracene/PbS-NC bilayer heterojunction PV devices.
8.1.1 EQE analysis of acene:PbS-NCi,to PV devices
Pentacene/PbS-NCtoa and tetracene/PbS-NC^ ta PV devices were fabricated by vacuum de­
positing 50 nm of organic materials on precleaned ITO substrates and subsequently spin 
coating 100 nm of PbS-NC^ at 2000 rpm for one minute. Higher spin speeds were main­
tained to reduce the possibility of solvent damage to underlying organic layers. Normalised 
EQE and absorbance of pentacene/PbS-NC^a, tetraeene/PbS-NCfaa and PbS-NC^a single­
layer devices are shown in figure 8.3. The absorbance of the pentacene/PbS-NC&ta bilayer 
consists of the pentacene absorption (665 - 535 nm) added to the PbS-NCfaa background.
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Figure 8.3: Absorbance (normalised) spectra of pentacene/PbS-NCbta (black line), tetracene/PbS- 
NCbta (dashed line) and PbS-NCbta single layer (dash-dot-dash line). Normalised EQE measure­
ments of pentacene/PbS-NCbta (black squares), tetracene/PbS-NCbta (white squares) and PbS-NCbta 
single layer device (white triangles).
Similarly, the absorbance of the tetracene/PbS-NC&£o bilayer consists of an absorption re­
gion of tetracene (525 - 450 nm) and the contribution from PbS-NC&£a layer. As discussed 
before, the EQE measures the ratio between photogenerated charges collected at the con­
tacts to incident photons and is used as a standard technique to quantify contributions 
from photon harvesting layers. The tetracene/PbS-NCft£a device showed a distinctly higher 
EQE response within the 525 - 450 nm spectral region as compared to the PbS-NC&£a 
single-layer device. This increase in EQE, indicated by the vertical dotted line at 500 nm 
in Figure 8.3, correlates with the primary excitonic absorption of tetracene at 500 nm (2.5 
eV). Hence, it can be postulated that excitons generated by photoabsorption in tetracene 
dissociate at the tetracene/PbS-NC&£o interface generating a photocurrent. Conversely, for 
pentacene/PbS-NCtta device, it is observed that the increase in the EQE, relative to the 
EQE of PbS-NC&fa single-layer device, is low at the primary excitonic absorption region of 
pentacene, indicated by the dotted line in figure 8.3 at 663 nm (1.9 eV).
Therefore, photogenerated excitons in pentacene show a lower dissociation rate at the
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pentacene/PbS-NCfaa interface resulting in a lower photocurrent contribution.
8 .1.2 Photoluminescence experiments at the acene:PbS-NCfeta interface
8.1.2.1 Probing electron transfer from acenes to PbS-NCfaa
Prom, the EQE measurements shown above, it was found that electron transfer from tetracene 
to PbS-NCfoa was qualitatively greater than the electron transfer from pentacene to PbS- 
NCbta- Further investigation of the above phenomena was carried out using PL quenching 
experiments on pentacene/PbS-NC&to and tetracene/PbS-NC^ ta bilayer substrates. When 
photoinduced charge transfer occurs from a donor to an acceptor, where the duration of 
charge transfer is less than the PL lifetime, a commensurate reduction in donor PL intensity 
is observed. [135] This experimental process is shown schematically in figure 8.4. Even in 
the case of rapid donor-acceptor charge transfer, significant quenching of PL would not be 
observed if the donor layer thickness is very much greater than the exciton diffusion length. 
Conversely, deposition of extremely thin active layers will significantly reduce the PL in-
(a) Km (b )
Figure 8.4: Schematic representation of a photoluminescence quenching experiment to observe pho­
toinduced charge transfer from donor to an acceptor, (a) shows photoluminescence at Xem wavelength 
from an optically active layer (A) excited with wavelength Xcx. The expected PL spectrum is also 
shown, (b) shows drastic reduction of the photoluminescence from layer A in the presence of an 
electron accepting layer (B). In principle it is possible to tune the excitation wavelength to match 
the absorption of each active layer such that both the electron and hole transfers are individually 
examined.
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tensity such that the interpretations of the results of quenching tend to be less accurate. 
Therefore, samples for PL measurements were deposited with 50 nm layer thicknesses of 
pentacene and tetracene, taking into account their exciton diffusion lengths of 65 ±  16 nm 
and 12 ±  1 nm respectively. [76] [136]
Figure 8.5(a) shows a comparison of the PL intensity of tetracene/PbS-NQ,£a bilayer to 
a single tetracene film. Samples were deposited on glass substrates and PL measurements 
were carried out using a Varian Eclipse fluorescence spectrophotometer. Two orders lower 
PL intensity at 560 nm is shown from the bilayer as compared to the reference indicating 
strong PL quenching. This strong PL quenching can be attributed to efficient photoinduced 
electron transfer between the tetracene and PbS-NC&£a. Similar PL study was carried out on 
pentacene/PbS-NCftto and pentacene thin films deposited on an n+ silicon substrate excited 
using Ar+ laser (multiline UV mode) operating at 80 mW. As reported in the literature, 
the PL yield of thin film pentacene is low, due dominant non radiative pathways, and 
therefore, high energy excitation was used. [137] Since glass was seen to fluorescence at 755 
nm under this excitation, silicon was used as the substrate. Figure 8.5(b) shows the PL
Wavelength (nm) Wavelength (nm)
Figure 8.5: (a) Photoluminescence of tetracene (black squares) and tetracene/PbS-NCbta (white 
squares) measured by exciting at 510 nm (b) Photoluminescence intensity of pentacene (line with 
black squares) and pentacene/PbS-NCbta (line with white squares) excited in multiline UV.
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intensities of pentacene/PbS-NC^a and pentacene single layer (reference) films. Converse 
to the tetracene/PbS-NCfaa results seen above, the pentacene/PbS-NC^to demonstrated 
PL with similar magnitudes to the reference sample indicating lower electron transfer from 
pentacene to the PbS-NCfaa layer. It is clear that the PL quenching observations are 
consistent with the EQE measurements shown in figure 8.3.
8.1.2.2 Probing hole transfer from PbS-N C^a to acenes
Similar analysis was carried out to investigate the hole transfer in the acene/PbS-NCbta 
bilayer systems. Hole transfer at the hetero junction occurs when an exciton, generated 
in the PbS-NQ>fa phase, dissociate by transferring a hole to the pentacene (tetracene) 
layer. Hole transfer was investigated similar to the electron transfer by observing the EQE 
characteristics of the hybrid devices and thereafter probing using PL experiments. Figure 
8.6(a) shows the EQE measurements for pentacene/PbS-NC^a and tetracene/PbS-NC&ta 
bilayer and PbS-NQ,fa single layer devices. An EQE peak in the spectral range between
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Figure 8.6: (a) E Q E of the P V  devices: pentacene/PbS-NCbta (white squares), tetracene/P bS - 
NCbta (dark squares) and PbS-NCbta single layer device (white triangles), (b) PL intensity of 
PbS-NCbta (white triangles), pentacene/PbS-NCbta (white squares) and tetracene /PbS-NCbta (dark 
squares) excited using a 658 nm, laser diode.
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950 - 1000 nm was seen from all three devices. This is consistent with primary optical 
absorption region of the PbS-NC&ta, seen from figure 8.3, and therefore attributed to hole 
transfer. PL quenching experiments of the PbS-NC^, conducted to further verify the 
observed hole transfer, is shown by Figure 8.6(b). It can be clearly seen that the PL of 
PbS-NC^, excited using a 658 nm diode laser, in a system with pentacene (pentacene/PbS- 
NCbta) is lower than PbS-NCQa alone indicating quenching of photogenerated excitons in 
PbS-NCW by pentacene. The observed quenching of PL is attributed to photoinduced 
hole transfer from the PbS-NCfeto to pentacene operating in a reverse sense to the electron 
transfer shown schematically above in figure 8.4(b). Similarly, the PL intensity of PbS- 
N C ^  in the presence of a tetracene film was examined under identical excitation. The 
results shown in figure 8.6(b) indicate that the PL intensity of PbS-NC^a in a bilayer with 
tetracene (tetracene/PbS-NQ,ta) show similar PL intensity to a single later PbS-NC^. This 
reduced PL quenching is directly a result of the reduced hole transfer between tetracene 
and PbS-NC&£a corroborates the EQE measurements shown in figure 8.6(a).
8.1.3 Factors governing charge transfer between acene and PbS-N C ^
The electron transfer and hole transfer results obtained from the above discussion can be 
summarised as follows: (a) electron transfer is more favourable between tetracene-PbS- 
NCbta compared to pentacene-PbS-NCbta and (b) hole transfer is more favourable between 
pentacene-PbS-NC^a compared to a tetracene-PbS-NC^a heterojunction. To facilitate the 
analysis of charge transfer dynamics of the pentacene (tetracene)/PbS-NCQa justifying (a) 
and (b) energy levels diagrams corresponding to the material systems are considered. EA 
and IP values of pentacene (tetracene), 3.0 eV and 4.9 eV (3.0 eV and 5.4 eV), were 
obtained from literature. [76] [82] The values of EA and IP for the PbS-NC^ were obtained 
using electrochemical methods and optical spectroscopy techniques.
8.1.3.1 Obtaining band-diagrams o f PbS-NCj>to using cyclic voltammetry
Direct measurement of the IP of PbS-NC0jeic> using ultraviolet photoelectron spectroscopy 
(UPS) technique, was discussed earlier in section 6.3.3. Insulating oleic acid ligands caused 
a build-up of charge on the substrates as well as screened the NCs from exposure to ultra­
violet photons, severely affecting the accuracy of the UPS measurements. Consequently, 
the PbS-NC0ieic NCs were annealed under ultra high vacuum to overcome this drawback
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and the calculated energy levels of the NCs showed reasonable agreement to the device per­
formance. However, annealing under ultra high vacuum was also seen to alter the surface 
(bulk) condition as well as the stoichiometry of the PbS-NC0/eiC which was confirmed by the 
X-ray photoeleetron spectroscopy (XPS) measurements discussed in section 6.2.2. There­
fore, less invasive techniques such as electrochemistry have to be employed for more accurate 
measurement of these NC energy levels. The IP and EA for CdSe NCs have been directly 
measured using cyclic voltammetry by Kucur et al. as reported in literature. [122] Fur­
thermore, differential pulse voltammetry which demonstrate greater sensitivity than cyclic 
voltammetry has been used previously for determining the subtle changes of the NC energy 
levels, with different ligands, proving the versatility of electrochemical techniques. [138]
Cyclic voltammetry on PbS-NC&£a was carried out using an electrochemical setup dis­
cussed in section 4.2.6. Potential measurements were taken relative to a Ag/AgCl reference 
electrode. A PbS-NC&£a solution was drop casted and left to dry on top of 1 cm2 area Pt 
working electrode for measurements. A platinum wire was used as the counter electrode. 
As discussed previously an electrolyte was prepared using 0.1 M tetrabutylammoniumhex- 
aflurophosphate (TBAPFq) dissolved in acetonitrile (HPLC grade).
E vs. Ag/AgCl (V)
Figure 8.7: Cyclic voltammograms of PbS-NCbta- Inset shows the voltammograms of 5 mM buty­
lamine and the baseline.
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Cyclic voltammetry sweeps were carried out at 50 mV/ s from negative to positive with 
the electrochemical cell purged with nitrogen for approximately 10 minutes before each 
measurement. Prior to measuring the PbS-NC&ta, a baseline scan was obtained by mea­
suring the bare electrodes. Figure 8.7 shows a cyclic voltammogram taken on PbS-NC^,a 
deposited on the working electrode. A distinct peak (Epi) of the voltammogram is seen at 
1.08 V relative to the reference electrode. Similarly, in the reverse cycle a peak at (Ep2) is 
seen at -0.06 V. Both the Epi and Ep2 can clearly be distinguished from the baseline, shown 
by the dotted line in inset figure 8.7, and is attributed to redox processes occurring in the 
PbS-NCb£a sample. To clearly separate the butylamine redox reactions from PbS-NC^, a 
reference voltammogram was carried out on ligands (solid line in the figure inset 8.7). A 
redox peak (Ep&ta) of butylamine seen at 2.37 V is clearly separated from redox peaks (Epi, 
Ep2) of PbS-NC^. Hence, it can be concluded that the Epi and Ep2 corresponds to the 
oxidation and reduction reactions respectively, of PbS-NC^. The IP of the PbS-NC^a was 
calculated using equation (8.1) obtained from the literature.[122][139][140]
IP  =  -(Eons +  lRE)[eV] (8.1)
The Eons and Ire given in equation (8,1), are the oxidation onset potential and the vacuum 
potential of the reference electrode respectively. Ire was obtained as 4.48 eV by calibration 
as discussed in section 4.2.6.1. Using the Eons value of 0.75 V, IP was calculated as 5.23 
eV for PbS-NC5ta. EA was obtained to be 4.19 eV by subtracting optical bandgap (1.04 
eV), obtained from the PbS-NC^ optical absorption onset, from the IP. Therefore the IP 
and the EA was obtained as ~  5.2 eV and ~  4.2 eV respectively.
Figure 8.8 shows the (flat band) energy diagrams of acene/PbS-NC^a systems using the 
EA and IP values obtained above. ETp(ETt) and HTp(HTt) are taken as electron and 
hole transfer from pentacene (tetracene) to PbS-NC^. A general condition for exciton 
dissociation and photoinduced charge transfer between organic materials and NCs is given 
in equation (8.2) where the EAnc and EAorga?Ac are electron affinity of NCs and organic 
materials respectively. [135] Uorganic and V er are taken as the columbic binding energy of a 
donor exciton and subsequent interfacial charge separated state respectively. Since, Uorganic 
is reported to be significantly larger than V ct , equation (8.2) is simplified to the form given 
in equation (8.3).[135]
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FAnc EAorganic > Uorganic VcT
E An.r — EA organic > o^rganic
(8.2)
(8.3)
The above condition was used initially to evaluate the photoinduced charge transfer be­
tween pentacene(tetracene) and PbS-NCft£a. According to this condition, a lower electron 
transfer rate is expected between the organic and NC interface when Uorganic is greater than 
EAnc — EAorganic- From the energy band diagrams show in figure 8.8, the EAnc — EAorganic 
is observed to be identical (1.2 eV) for both pentacene/PbS-NCft£a (EAnc — EAP) and 
tetracene/PbS-NCftia (EAnc — EAt). Therefore, to justify the lower electron transfer be­
tween pentacene/PbS-NC&£a compared to tetracene/PbS-NCft£a (ETp < ETt), given as con­
dition (a) above, the exciton binding energy of pentacene (Up) has to be greater than exciton 
binding energy of tetracene (f/£). However, exciton binding energies of acenes are reported 
to be strongly correlated to their molecular size, where long molecule acenes exhibit smaller
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Figure 8.8: (a) Pentacene/PbS-NCbta flat band energy diagram. EAP, IPp Up are the electron 
affinity, ionisation potential and exciton binding energy of pentacene, respectively. EAnc and IPnc 
are the electron affinity and the ionisation potential of the PbS-NCbta • ETP and HTP are the electron 
and hole transfer between pentacene and PbS-NCbta layers, (b) Tetracene/PbS-NCbta flat band 
energy diagram. EAt, IPt Ut are the electron affinity, ionisation potential and exciton binding 
energy of tetracene, respectively. ETt and HTt are the electron and hole transfer between tetracene 
and PbS-NCbta layers. The EAP - EAnc and EAt - EAnc are both 1.2 eV.
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exciton binding energies. [141] Since pentacene is longer than tetracene, Up is less than Ut 
violating the argument presented above. Therefore, ETP < ETt cannot be explained with 
equation (8.3) warranting further investigation.
Hole transfer dynamics of the above acene/PbS-NC&ta systems can also be qualitatively 
understood by studying the energy band diagrams given in figure 8.8. A 0.2 eV energy 
barrier for hole extraction is observed between the IPnc and IPt within the tetracene/PbS- 
NCfcia system. Such an energy barrier can clearly reduce hole transfer from PbS-NC^ to 
tetracene, corroborating the PL measurements (figure 8.6(b)) seen above. Conversely, hole 
transfer between PbS-NC^a and pentacene can be observed to be energetically favourable 
without any potential barriers between IPnc and IPp present. Therefore, HTP is more 
favourable compared to HTt justifying the condition (b) stated above.
8.1.3.2 Interfacial effects at organic:PbS-NC^a interface
In order to explain the lower ETP observed above, a hypothesis can be presented involving 
vacuum level shifts at the pentacene/PbS-NC^a. interface. Perturbation of molecular energy 
levels through surface effects in organic:organic and organicmietal interfaces have been ex­
tensively investigated and reported.[86] Pentacene is known to have large interfacial vacuum 
energy level shifts in organic and inorganic heteroj unctions. [142] [143] These vacuum level 
shifts are created through electrostatic fields formed due to polarization, ground level charge 
transfer, chemical bonds or electron “push back effect” phenomena. It is postulated that a 
similar form of interfacial vacuum level shift is manifested in the pentacene/PbS-NCj>ta het­
erojunction formed above, inducing a relative up-shift of the pentacene HOMO level close 
to the EA of the PbS-NCQfo (~0.7 eV shift). An offset of the donor-acceptor energy levels of 
this magnitude can affect the photoinduced charge transfer from pentacene to PbS-NC^ 
caused by the photogenerated excitons preferentially relaxing radiatively/non-radiatively 
without charge transfer to donor molecules. Reports in literature do not indicate suscep­
tibility of tetracene to such interfacial effects and therefore it is reasonable not to expect 
any changes to tetracene/PbS-NC&Za interface. Therefore, photoinduced charge transfer be­
tween tetracene/PbS-NCQ{a is not expected to perturb similar to the pentacene/PbS-NCbZa 
interface and photogenerated excitons in tetracene would dissociate through charge transfer 
as seen above.
From the above presentation it can be argued that a relative upshift of the pentacene
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HOMO level close to the EAnc can explain the reduction in electron transfer from pen­
tacene to PbS-NC{,*a. It is interesting to consider the effect of an interfacial energy-shift on 
hole transfer between PbS-NCbta and pentacene. As reported by Fukagawa et al. a large 
Gaussian broadening is observed in the pentacene HOMO level, which helps to build a rea­
sonable assumption that adequate orbital overlap for hole transfer between the PbS-NC(,ta 
and pentacene can exist even in the presence of an upshift of pentacene HOMO level. [144] 
Therefore, the postulate of an interfacial vacuum level shift at the pentacene/PbS-NCfoa 
can explain all the photoinduced charge transfer experimental results presented above.
8.1.3.3 Permanent dipole moment in PbS-NCbia
The vacuum level shift postulated between pentacene and PbS-NC^a can be caused by 
a change of surface potential in pentacene, influenced by the permanent dipole moment 
(PDM) of PbS-NCbta- A PDM between 41-98 D (1 Debye =  3.33564 x IO-30 Cm) is reported
Figure 8.9: (a) H RTEM  images showing the typical evolution of the PbSe N C  shape upon growth, 
as schematically depicted in (b). (c) Atomic reconstruction of a rock salt PbSe N C  showing the 
structural difference between the 100 and 1 1 1  facets, (d) Different arratigements of polar 1 1 1  facets 
result in various orientations and magnitudes of the N C  dipole moment. (Reproduced from Ref. 
[132]).
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in CdSe NCs and is attributed to the asymmetric Wurtzite unit cell structure. [145] [146] 
However, NCs with symmetric units cells, also known as cynosymmetric unit cells, such 
as zinc blend found in ZnSe NCs, have also demonstrated permanent dipole moment 
values. [146] Furthermore, existence of PDMs in cynosymmetric PbSe NCs (simple cubic 
unit cell) was described by Cho et al. who further attributed this phenomenon to facilitate 
the formation of PbSe nanowires. [132] According to this report the dipoles found in the 
NCs are formed by the asymmetric distribution of electronegative (positive) facets formed 
by Pb and Se atoms in the PbSe unit cell. A schematic representation of this explanation 
is given in figure 8.9. Since a PbS-NC also have simple cubic rock-salt unit cell structure 
similar to PbSe, it is reasonable to expect the existence of PDM in PbS-NC formed by a 
similar mechanism.
Even though an experimental measurement of the PDM in a PbS-NC is yet unreported, 
Klem et al. has reported a 20 D induced dipole moment change in 7 nm diameter PbS- 
NC,[147] As earlier shown for PbS-NC&£a (figure 7.12), PbS-NCs capped with butylamine 
ligands form into axial NC assemblies consistent with reports in the literature. [132] [133] 
These “rod like” NC formations, thought to be oriented by dipole forces, provide indirect 
evidence of a PDM in PbS-NCft£a studied here. Conversely, the PbS-NC0^ c, capped with
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Figure 8.10: (a) Vacuum level shift at the pentacene/PbS-NCbta interface (b) Vertical alignment 
of the N C  dipoles at the interface.
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longer oleic ligands, form two dimensional assemblies (figure 6.2), orchestrated by an entropy 
driven mechanism, completely screening the inter-dot dipolar driven force consistent with 
the argument presented above. [148] The magnitude of any surface potential change caused 
by PDM can be calculated using the Helmholtz equation, equation (8.4), where AV  is the 
surface potential change, p is the PDM per unit area, <j) is the angle between the dipole and 
the surface normal and e is the relative dielectric constant.
AV =  ^ f  (8.4)ee0
Taking the diameter of PbS-NQ>£a as 4 nm, the e of pentacene as 4 (Ref. [144]) and 
considering the dipoles are aligned normal to the pentacene surface ((f) — 0°), as shown 
in Fig. 8.10(b), the maximum dipole moment per NC causing the proposed shift can be 
calculated (figure 8.10(a)). Therefore, to obtain the proposed up-shift of 0.7 eV, discussed 
above, the minimum dipole moment per NC expected was calculated as 93 D. This value 
closely corroborates with 100 D value obtained as the PDM for (5.6 nm) CdSe NCs measured 
from impedance spectroscopy (Ref. [133]), justifying the above postulate.
8 .2  E n h a n c in g  c h a r g e  t r a n s fe r  b e t w e e n  p e n t a c e n e  a n d  N C s
Photoinduced charge transfer between acene/PbS-NCfaa systems was discussed in the ini­
tial section of this chapter. It was found that electron transfer between pentacene and 
PbS-NCbto was severely reduced attributed to an interfacial effect at the heterojunction. 
However, hole transfer within this system was not seen to be affected. This section exam­
ines the possibility of improving hole transfer at this hetero junction by enhancing charge 
carrier mobility through pentacene using a nanoimprinting technique. The applicability of 
using the nanoimprinting technique to improve exciton dissociation at wholly organic het­
erojunctions had been discussed earlier in section 5.5. Within this section, the parameters 
governing the nanoimprinting procedure was altered to achieve increased carrier mobility 
as opposed to exciton dissociation, and up to two orders of magnitude enhancement of the 
photocurrent (Jsc) was achieved.
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8.2.1 Surface treatment of pentacene films
Pentacene films (75 nm thick) were vacuum sublimated onto precleaned ITO substrates and 
then textured by nanoimprinting using a laser textured Si stamp. Figure 8.11 shows height 
profiles of Si stamps annealed using an excimer laser (248 nm with 25 nm FWHM pulse 
duration) at different pulse repetition rates. The annealing method was similar to that 
described in section 5.5.1. An energy density of 222 mJcm-2 was used and annealing was 
carried out in ambient conditions, unlike discussed earlier, to obtain larger feature sizes. 
The conditions led to a commensurate increase of average height and RMS roughness with 
the pulse repetition rate as shown in figure 8.11. The stamp fabricated at 40 Hz, with 
1114 nm average height and 559 nm RMS roughness was used for surface treatment of 
the pentacene films. The objective of nanoimpriting, was to compress pentacene molecules 
closer to improve the intermolecular transfer integral, increasing carrier mobility. There 
have been previous experimental and theoretical studies reported in literature on electronic 
property changes of acenes resulting from changes in inter atomic spacing. [149] [150] [151] A 
clear increase of the charge mobility in pentacene was previously observed by Rang et al. 
using hydrostatic pressure in the gigapascal range (0.3 GPa).[149]
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Figure 8.11: Profiles of Si stamps fabricated with different laser conditions.
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2170 nm  ^
Figure 8.12: Schematic of pentacene film imprinting.
The localised pressure applied on the pentacene films were calculated using a simple 
topological model of the stamp supplemented using values obtained from SEM and AFM. 
Features on the stamp was assumed as cones with 2170 nm and 1114 nm average base 
diameter and height respectively shown in figure 8.12. Therefore, at an imprint depth of 
75 nm, the planar tip area was taken as 1.4% of the total base area, which dramatically 
increases the imprint pressure of 4 MPa close to 0.286 GPa on the pentacene layer. At 
such a compressive force, the electronic properties of the thin film were expected to follow 
conditions found by Rang et al. increasing carrier mobility.
8.2.2 AFM  and C-AFM  studies of nanoimprinted pentacene films
The imprinted pentacene films were characterised using AFM and conductive AFM (C- 
AFM). Figure 8.13 shows the AFM and C-AFM profiles of imprinted and reference pen­
tacene films. All C-AFM measurements were obtained at 3 V bias between tip and sub­
strate. From figure 8.13(a) it can be seen that the height profile of the pentacene film has 
not changed significantly after imprinting. The RMS roughness of the imprinted film (3.9 
nm) is very similar to the RMS roughness value of the pristine film (4.3 nm). Therefore, the 
relatively large stamp profiles used in this study, figure 8.11, does not texture the thin film 
surface as observed in previous experiments (section 5.5.1). However, the C-AFM profile 
of the pentacene film is clearly different from the reference as observed from figure 8.13(b). 
Greater than sixty fold increase of the RMS current (96.8 pA) is demonstrated as compared 
to a pristine film (1.57 pA) following the nanoimprinting procedure. From the above ev­
idence it can be observed that imprinting clearly improves the conductivity of pentacene,
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Figure 8.13: AFM (a) and C-AFM (b) profiles of imprinted and reference pentacene films.
attributed to the increase of the carrier mobility.
Bilayer hybrid PV devices were fabricated with imprinted pentacene and PbS-NQ,£(2 us­
ing methods discussed earlier. Figure 8.14 shows the JV characteristics of the imprinted 
and reference hybrid devices compared with imprinted and reference pentacene/Ceo devices 
discussed in section 5.5. The imprinted pentacene/PbS-NCbta device shows greater than 
two orders of magnitude larger J5C (0.3 mAcm-2) compared to the hybrid reference device 
(0.002 mAcm-2) (shown in the dash circle). This improvement was distinctly larger than 
the effect of nanoimprinting on pentacene/Coo devices, which demonstrated only two fold 
improvement in the Jsc. Since the interfacial improvement through nanoimprinting was 
seen to be negligible (figure 8.13(a)), the observed two order improvement of the Jsc is at­
tributed to the enhancement of the carrier mobility in pentacene, corroborating the above 
observations. Further evidence of the increase in carrier mobility can be observed by study­
ing the forward bias (FB) region of the imprinted (reference) hybrid, organic-only devices. 
Accordingly, the JV curve of hybrid imprinted and reference devices do not coincide in 
the FB region, as is observed in the pentacene/C6o devices. Conversely, there is an order 
of magnitude greater forward current after nanoimprinting as compared to the reference 
device. Therefore, it can be concluded that the primary mechanism leading to the im-
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Figure 8.14: JV characteristics of pentacene/PbS-NCita imprinted (dark circle), normal (white 
circle) and pentacene/Cqo imprinted (dark square), normal (white square). Short circuit (SC) and a 
section of the forward bias (FB) regions are demarked by dashed circle and dashed square respectively.
provement of the Jsc in the imprinted pent acene/PbS-NC^ was the increase of the carrier 
mobility in pentacene. Interestingly, the imprinted devices were observed to have very 
short life times. The two fold increase in the Jsc reduced during iterative JV measurements 
indicating the reversible nature of the imprinting phenomena. It can be postulated that 
molecular vibrations from Joule heating would eventually relax the compressed molecules 
thereby reducing the transfer integral. This fundamental drawback has to be addressed in 
order to effectively utilise the improved charge transport aspect of nanoimprinted pentacene 
for device applications.
8 .3  S u m m a r y
Acene/PbS-NCbfo hybrid PV devices were studied in this chapter. Pentacene and tetracene 
were used as small molecule photoactive materials which function as electron donors to a 
PbS-NC&ia acceptor layer. Photoinduced charge transfer experiments qualitatively demon­
strated a higher electron transfer rate between tetracene and the PbS-NC^ as compared
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to pentacene and PbS-NC&£a. Preferential electron transfer between the pentacene/PbS- 
NCft£o opposed to tetracene/PbS-NC&£o was not explained by the general thermodynamic 
conditions accepted for excitonic solar cells. Using energy level diagrams for PbS-NCft£o, 
obtained using cyclic voltammetry, a novel interfacial effect at the pentacene/PbS-NC&£o 
was postulated to cause the observed phenomena. Furthermore, the cause of the interfacial 
effects were attributed to the permanent dipole moment known to exist in NCs. Using a 
rudimentary model, a value for the permanent dipole moment in PbS NCs was calculated 
(93 D) which closely agreed with values obtained from literature. Hole transfer between 
pentacene/PbS-NCfjia was not observed to be effected by the interfacial phenomena oc­
curring at the hetero junctions and studies were carried out to fabricate improved hybrid 
devices, enhancing the hole current by surface treatment. Pentacene layers were subjected 
to an axial force causing a local pressure increase close to the GPa range which increases 
the carrier mobility in the pentacene films. This work corroborated previous work done 
in hydrostatic pressure experiments on thin film pentacene which was explained by the 
increase of transfer integral between the molecules induced by compressive forces. How­
ever, this improvement in carrier mobility in pentacene was observed to be short lived and 
therefore not practically useful for device applications. Overall, from the work presented in 
this chapter if was found that PbS-NCft£a does function as an effective electron acceptor to 
tetracene which could be exploited for PV applications. Investigations carried out to this 
end are presented in the following chapter.
C h a p t e r  9
A c e n e : P b S - n a n o c r y s t a l : C 6 o  
p h o t o v o l t a i c s
Investigations carried out hitherto, using PbS-NCs in hybrid PV devices, were primarily 
focused on two device architectures. In one type of hybrid PV device, the PbS-NCs were 
observed to function as efficient photoelectron donors to Ceo (Chapters 6 and 7). Chapter 
8 discussed the possibility of using the PbS-NCs as electron acceptors to acenes (pentacene, 
tetracene) which have characteristic properties of strong light absorption and high charge 
carrier mobility. [76] [134] It was found, through external quantum efficiency (EQE) and 
photoluminescence measurements, that electron transfer between pentacene and PbS-NCs 
is inefficient for PV device fabrication. This reduction in electron transfer was attributed to 
the formation of interfacial dipoles at the hetero junction between pentacene and PbS-NCs. 
However, tetracene was seen to effectively transfer electrons and holes with PbS-NCs and 
therefore, was an appropriate donor material for the fabrication of hybrid PV devices.
An attempt to integrate the device architectures, mentioned above, to fabricate a multi- 
heterojunction acene/PbS-NC/Cgo PV device for broader spectral absorption was carried 
out. The first results obtained to this end are presented in this chapter. A multijunction 
device design warrants a detailed study of the charge transfer dynamics at the respective 
hetero junctions. Furthermore, since layers are deposited in a stratified orientation using 
alternative techniques such as vacuum deposition and spin coating, fabrication issues are 
bound to arise from intermixing of the active layers. The initial part of this chapter, in­
vestigates the fabrication of an improved tetracene/PbS-NC^ bilayer device which formed
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one-half of the proposed multijunction PV device. The latter part of this chapter describes 
the integration of tetracene/PbS-NCfaa bilayer with Ceo in order to fabricate a three layer 
device for enhanced spectral sensitivity. Device characterisations were carried out using 
EQE and current density-voltage (JV) techniques, described in section 4.4, elucidating PV 
device operation.
9 .1  T e t r a c e n e :P b S - N C  p h o t o v o l t a i c
Prior to incorporating butylamine ligand capped PbS-NCs (PbS-NCfoa) with tetracene to 
fabricate bilayer hybrid PV devices, a reference PV architecture between tetracene and a 
well studied electron acceptor Ceo was investigated. The excellent PV behaviour between 
tetracene/Ceo was mentioned in section 8.1. It was found that an 80 nm layer of tetracene 
acted as an optimum donor layer to Ceo (figure 8.2) and this layer thickness was used for the 
fabrication of tetracene:PbS-NCfi£a hybrid devices. Furthermore, the importance of using a 
poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) conductive organic 
layer to facilitate hole extraction from tetracene was also investigated. All devices were 
fabricated following the procedures in section 4.3. The PEDOT:PSS layer was deposited on 
pre-cleaned 1^ 0 3 :Sn (ITO) substrates by spin coating at 3000 RPM for 1 minute followed 
by annealing at 125°C for 30 minutes in ambient to dry the PEDOT:PSS, prior to top layer 
deposition.
9.1.1 Hole extraction from tetracene
Figure 9.1 shows the JV characteristics of tetracene (80 nm)/ Ceo (30 nm) devices fabricated 
with and without PEDOT:PSS deposited on the hole collecting ITO electrode. All devices 
were fabricated by thermal sublimation of the organic materials and the top Al contact 
without an intermediate vacuum break. It can be seen that adding the PEDOT:PSS layer 
increased Jsc by one-order of magnitude from 0.11 mAcm-2 to 1.53 mAcm-2 . Remarkably, 
the fill factor (FF) also showed close to a seven fold increase from 0.093 to 0.64 after the 
incorporation of PEDOT:PSS. The increase in FF is directly attributed to the reduction 
in the series resistance (R Series) from 17.75 kDcm-2 to 3.51 Hem-2 observed in the PE- 
DOT:PSS based device. As a consequence the overall power conversion efficiency (q) of 
the bilayer organic photovoltaic (OPV) device with PEDOT:PSS increased by two orders
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Figure 9.1: JV characteristics of tetracene (80 nm)/C^ (30 nm) device with PEDOT:PSS (black 
squares) and without PEDOT:PSS (white squares) measured under AM1.5G irradiation.
of magnitude from 0.004% to 0.6% as compared to the reference device, under AM1.5G ir­
radiation. This radical improvement was attributed to the enhancement of hole extraction 
from the highest occupied molecular orbital (HOMO) level of tetracene which led to the
eV
Figure 9.2: Schematic flat band energy diagram of ITO (PEDOT:PSS)/tetracene/Cqq/AI device.
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increase of the J sc and to the significant reduction of the series resistance. As seen from the 
schematic energy diagram given in figure 9.2, incorporation of PED O T:PSS increases the 
workfunction of the hole extracting electrode (ITO) from 4.7 eV to 5.1 eV.[127] Even though 
the top of the HOMO level is approximately 0.3 eV below the workfunction of PED O T:PSS, 
assuming no vacuum level shifts at the interface, the excellent carrier extraction leads to 
the expectation that the PED O T:PSS is strongly aligned with the positive polaron level of 
tetracene. [152] Further evidence of the existence of the barrier for hole extraction between 
ITO and tetracene is seen by observing the JV  characteristics of the tetracene/Cgo device 
fabricated without PED O T:PSS in reverse bias. Approximately at —0.5 V, this device 
demonstrates an increased photocurrent close to the PED O T:PSS incorporated PV. This 
increase can be attributed to a field assisted hole transfer from tetracene HOMO to ITO 
overcoming the energy barrier created by non-ohomic alignment. Furthermore, adding PE- 
DO T:PSS on ITO would effectively reduce surface roughness resulting in the reduction of 
pinhole formation of the tetracene thin film, increasing the FF . Therefore, to maximise 
hole extraction from tetracene and form smooth thin films, optimum for PV fabrication, 
all tetracene based hybrid PV  devices were fabricated on ITO substrates coated with PE- 
D OT:PSS.
9 .1 .2  Fabrication o f tetracene:P bS-N C & £o bilayer P V
Bilayer hybrid PV devices with tetracene (80 nm) and PbS-NCbta (100 nm) were fabricated 
on PED O T:PSS coated ITO substrates by evaporation of tetracene followed by spin coating 
the PbS-NCf,£a. The PbS-NC&£a used were identical to the NCs used for the PV devices 
discussed in Chapter 7, Higher spin speed (2000 RPM) was maintained for spin coating 
P b S -N C ^  to prevent solvent damage to the underlying tetracene layer. Figure 9.3 shows 
the JV  characteristics of tetracene/PbS-NCbta and reference single layer tetracene PV de­
vices fabricated with and without PEDOTrPSS layers. Device characterisation was done 
under AM1.5G solar irradiation. Tetracene/PbS-NCbta bilayer devices demonstrated higher 
J sc of 15 //Acm-2(11 pAcm~2) as compared to tetracene single layer reference devices of 6 
/xAcm-2 (4 /zAcm-2) with and without PED O T:PSS respectively. The increase of J sc with 
the inclusion of PbS-NCbta is attributed to the photocurrent contribution from PbS-NCbta 
corroborating the EQ E (figure 8.3) and PL  quenching (figure 8.5) experiments discussed in 
chapter 8. Similar to the tetracene/Cgo devices discussed in the previous section, incorpo-
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Figure 9.3: JV characteristics of tetracene (80 nm.) single layer device with PEDOT.-PSS (black 
squares), without PEDOT:PSS (black circles), tetracene (80 nm)/PbS-NCbta (100 nm) with PE­
DOT.-PSS (white squares), without PEDOT:PSS (white circles). Device characteristics were carried 
out under AM1.5G irradiation.
ration of PED O T:PSS is seen to improve the J sc for both the hybrid and single layer PV 
devices, further establishing its importance as an interface layer in tetracene based devices. 
Interestingly, both hybrid devices (with and without PED O T:PSS) show approximately an 
order of magnitude greater photocurrent at —1.0 V reverse bias as compared to the refer­
ence devices. Therefore, current extraction from the device with PbS-NCQa is seen to be 
assisted by a reverse field implying the existence of a barrier for charge extraction. The 
existence of such a barrier for hole transfer from P b S -N C ^  to tetracene was investigated 
using the energy level diagram shown in figure 8.8. Despite the lower generated photocur­
rent (~15 /iAcm2) in this hybrid PV device, reasonably high Voc values (>  0.8 V) were 
demonstrated. This was identified as a  possible solution to the critical draw back of low 
Voc in the PbS-NC&£a:C60 hybrid PV devices discussed in section 7.4.7.
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9 .2  I n c o r p o r a t i o n  o f  C 60 t o  t e t r a c e n e :P b S - N C ^ a P V s
Summarising earlier observations, it was seen that a tetracene/PbS-NC&io, bilayer architec­
ture exhibited PV  behaviour, demonstrating large Voc values of greater than 0.8 V. Also, 
PbS-NCfaa/Ceo based bilayer hybrid PV  devices, extensively investigated in chapters 6 and 
7, provided relatively large J sc values up to (5 mAcm-2) under AM1.5G. Therefore, incorpo­
ration of these two systems in to a singe multi-heterojunction device was expected to provide 
an optimum hybrid PV device, maximising q. The energy band diagram of the proposed 
device is presented in figure 9.4. 80 nm layer of tetracene was deposited on PED O T:PSS 
coated ITO substrates, followed by spin coating ~100 nm of P b S-N C ^ . The bilayer coated 
substrate was transferred in ambient conditions to vacuum sublimate Ceo (30 nm), BCP 
(10 nm), and Al (60 nm) layers, respectively. A reference tetracene/Ceo bilayer OPV de­
vice was fabricated, with identical device parameters, without the PbS-NC^o. layer. Figure
9.5 shows the EQ E measured for the multijunction PV compared with the reference. The 
multijunction device shows up to 1% EQ E in the spectral region greater than 750 nm, two 
orders of magnitude larger compared to the reference (<  0.01%). Similarly, within the UV 
region (<  350 nm), the multijunction PV demonstrates between 10% to 18% EQ E which is 
two orders greater than the EQ E of reference device. However, the reference device exhibits 
two folds greater EQ E within 400 - 640 nm spectral range as compared to the multijunction 
PV. Since the primary photon absorber within this wavelength is tetracene, observed from
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F igure 9.4: Schematic energy diagram of tetracene/PbS-NCbta/Cm multifunction device.
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Figure 9.5: EQE of tetracene/PbS-NCbta/Ceo multijunction device (white squares) and
tetracene/C q q  bilayer (dark squares).
the absorption spectra given in 8.1, electron transfer between tetracene/Cgo is seen to be 
far dominant as compared to tetracene/PbS-NC&£a donor-acceptor hetero junction. Figure
9.6 shows the JV  characteristics of the multijunction and reference device discussed above. 
The reference J sc (0.9 mAcm-2 ) is greater than the J sc of the hybrid device (0.5 mAcm-2). 
The increase of the J sc is attributed to the increase of the EQ E of the reference seen above 
within the spectral region having the highest solar power density (figure 3.1). Therefore, 
despite overall broadband light harvesting the hybrid device shows lower p (0.05%) as com­
pared to the (0.2%) demonstrated by reference device. However, the Voc (0.31 V) of the 
multijunction device shows a promising improvement over the Voc (0.26) obtained for an 
optimised PbS-NCQa/Ceo device, demonstrated in chapter 7. Therefore, with appropriate 
interfacial modifications, favourable for increased charge transfer, this multijunction PV 
architecture could function as an efficient, broadband sensitive hybrid PV.
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Figure 9.6: JV of tetracene/PbS-NCbta/Ceo light (black squares), dark (white squares)and 
tetracene/Ceo reference in light (black triangles), dark (white triangles).
9 .3  S u m m a r y
In this chapter an improved hybrid PV device between tetracene and PbS-NCbta was in­
vestigated. Hole extraction from tetracene was seen to be dependent on the favourable 
alignment of the HOMO level to the hole accepting electrode. Incorporation of PbS-NCbta 
was seen to improve the J sc of the hybrid device. However, an energy barrier for hole extrac­
tion, between the PbS-NCbta and tetracene was seen to reduce the F F  and J sc of the hybrid 
device. An order magnitude greater photocurrent was observed from the tetracene/PbS- 
NCbta at reverse bias conditions as compared to a reference device further corroborating 
the above. Importantly, an improved Voc (>  0.8 V) was observed from this hybrid PV 
device architecture. Incorporation of Ceo to the tetracene/PbS-NCb£a was carried out to 
harness the large Voc of the tetracene/PbS-NCbta PV phase and the large J sc reported 
of the PbS-NCbta/Ceo PV devices studied earlier. The initial devices demonstrated lower 
J sc as compared to the reference tetracene/Ceo device attributed to the lower EQ E within 
the spectral ranges where the solar illumination is stronger. However, EQ E measurements 
clearly showed greater harvesting within the ultraviolet (<  350 nm) and infrared (>  750
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nm) spectral range as compared to the reference. Furthermore an improved Voc (0.31 V) 
was obtained which surpassed the Voc values demonstrated for the highest efficient hybrid 
PV reported in chapter 7. Therefore, it is possible to further optimise this multijunction 
tetracene/PbS-NC5Za,/Ceo system to fabricate a high efficient, broadband absorbing hybrid 
PV device.
C h a p t e r  1 0
C o n c l u s i o n s
The broad aim of this project was the design, fabrication and characterisation of hybrid PV 
devices using organic photoactive material and semiconductor NCs. Small bandgap PbS- 
NCs were used for broadband solar energy harvesting. Three primary device architectures 
involving PbS-NCs were investigated where the NCs were used as photoelectron donors, ac­
ceptors and a donor-acceptor (tandem) photo harvesting materials, respectively. All devices 
discussed in the thesis were fabricated as discrete heteroj unctions to simplify fabrication 
and analysis. Small molecule organic acenes (pentacene/tetracene) and Ceo were used as 
the supplementary photoactive materials in these devices.
Prior to NC incorporation, organic-only reference devices were fabricated and charac­
terised. Pentacene and Ceo devices, fabricated in an inverse device architecture, were found 
to operate with hitherto unknown photogeneration mechanism compared to conventional 
devices. Exciton dissociation occurred at the electrode-organic interfaces as opposed to the 
heteroj unction and free carrier recombination at the donor-acceptor interface was found to 
generate the photocurrent in these devices. Furthermore, improvement of photocurrent was 
observed by the incorporation of Ag nano clusters at the interface. This was attributed 
to the subsequent enhancement of the interfacial charge recombination consistent with the 
proposed mechanism. Formation of the open circuit voltage (Voc) of the inverse devices 
was not explained using the HOMO - LUMO difference of the donor-acceptor layers, gener­
ally understood for excitonic PV devices. The above investigations on normal and inverse 
organic-only devices provided critical constraints on the organic layer (s) position within 
hybrid device architectures, studied afterwards. Furthermore, the organic-only reference 
devices which demonstrated optimum PV  performance were used as base architectures for
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the incorporation of PbS-NCs.
PbS-NCs with capping oleic acid ligands, fabricated in-house by a colloidal synthesis 
route, were used as photoelectron donors in PbS-NC0(ejc/Cgo bilayer devices as discussed 
in Chapter 6. As-synthesised PbS-NC0;e£c based devices demonstrated low short circuit 
current density ( J sc) (11 /.lAcm-2 ) attributed to insulating surfactant groups. It was found 
that thermal annealing at 300°C removed the oleic ligands, studied using X-ray photoelec­
tron spectroscopy (XPS) and thermogravimetric (TGA) techniques. Using a simple model, 
ligand weight percentage attached to a single PbS-NC0^ c was calculated as 20% and was 
seen to corroborating the value obtained from TGA (23%), justifying ligand pyrolysis. XPS 
analysis demonstrated a shift in the binding energy of Pb4jF7 orbital from 138.3 eV to 137.7 
eV as a result of thermal annealing, corroborating the binding energies of PbO (138.5 
eV) and uncapped PbS-NC (137.4 eV), consistent with removal of oleic ligands. However, 
XPS analysis further showed the formation of elemental Pb, from Pb4^7 peak at 136.8 eV, 
from thermal annealing found to be undesirable for PV operation. Therefore, an optimum 
annealing condition was found by measurements carried out on PbS-NCoieic/C60 devices, 
fabricated with different processing temperatures (250 - 350 °C ). Ligand removed PbS- 
KC0ieic/CQo device showed up to thirty fold increase in the J sc (340 pAcm~2) as compared 
to an untreated device. Furthermore, up to 1600 nm infrared-photosensitivity was obtained 
at 0.025% EQE. Up to two folds increase in the J sc was observed from hybrid devices com­
pared with a reference Ceo single layer device, attributed to broader light harvesting. How­
ever, overall power conversion efficiency (?/) of the hybrid device (0.015%) was lower than 
the reference device (0.019%) due to the smaller open circuit voltage (Voc). The ionisation 
potential and the band gap of the PbS-NCo£e£c were obtained by ultraviolet photoelectron 
spectroscopy and optical absorption spectroscopy measurements which were used for the 
construction of the energy level diagram of the PbS-NC0^ c and Ceo* PV  behaviour of the 
above hybrid system was further elucidated using these measured energy level values of the 
PbS-NCoZeic.
Optimization of the PbS-NCo/e£c/C 60 device was investigated in Chapter 7. The as- 
synthesised oleic acid ligands (~2  nm) were exchanged to shorter butylamine (~0.4 nm) 
ligands (PbS-NC/j£a) to improve charge transport within PbS-NC films. Ligand exchange 
was investigated using absorption, photoluminescence (PL) and Fourier transform infrared 
spectroscopic (FTIR) techniques. Exchange of the surfactant groups was seen to perturb 
the electronic structure of the PbS-NCs as seen from the absorbance (PL) measurements,
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which indicated a red shift from 1.62 eV (1.38 eV) to 1.38 eV(1.06 eV). Significant reduction 
of the CH2 stretching modes in PbS-NCf,£a as compared to PbS-NCoZeZc was observed from 
FT IR  corroborating the optical spectroscopic techniques. Importantly, the PbS-NCbta NCs 
formed smoother films (2.84 nm RMS roughness) as compared to PbS-NCoZeZc (10.65 nm 
RMS roughness) on conductive PED O T:PSS coated ITO substrates, attributed to chemiso- 
prtion between the butylamine moiety and poly(styrenesulfonate) (PSS) groups, studied 
using atomic force microscopy (AFM). Smoother film formation facilitated the deposition 
of thinner PbS-NCbta films (~100 nm) without pinholes, critical for the fabrication of 
thin film devices with better carrier extraction and higher shunt resistance (R shunt)- PbS- 
NCbfa/Ceo device demonstrated J sc (77) of 0.9 mAcm-2 (0.08%) greater than 0.2 mAcm-2 
(0.01%) observed for PbS-NCoZeZc/C 6o devices discussed in Chapter 6. Furthermore, PbS- 
NCbia/Ceo demonstrated two orders greater EQE (~1% ) at infrared wavelengths as com­
pared to PbS-NCoZeic/C 60 (0.01%) for similar size PbS-NC devices.
Soaking of PbS-NCbta films in anhydrous methanol were carried out to further remove 
the butylamine ligands. Up to 380 fold increase of the forward bias current under illumi­
nation was seen in PbS-NCbta single layer devices after methanol treatment. Furthermore, 
methanol treated PbS-NCbta films demonstrated a 20 meV shift in the absorption peak 
as well as increase of absorption at higher optical energies attributed to perturbation of 
the electronic structure of the PbS-NCbta mid change in the dielectric properties of the 
PbS-NCbta corroborating reports in literature. Using methanol treated NC films, 
PbS-NCbta/Ceo devices were fabricated which demonstrated 5 mAcm-2 ( J sc) and 0.44%
(77) which is the highest reported for infrared absorbing hybrid PV devices to date. Fur­
thermore, up to 35% EQ E was at ultraviolet wavelengths together with ~5%  EQ E in the 
infrared region was demonstrated justifying the observed large J sc as compared to a ref­
erence device. The J sc obtained for this device was calculated, using a simple analytical 
model, as a third of the maximum expected from an ideal device configuration involv­
ing 100 nm of PbS-NCbta active layer. However, Voc was found to be dependent on the 
PEDOT:PSS/PbS-NCbta interfacial effects which were seen to reduce PEDOT:PSS work­
function consequently reducing the Voc to 0.26 V. Cross sectional transmission electron 
microscopy (TEM) images of the PbS-NCbta/Ceo device demonstrated an interpenetrated 
PbS-NCbta/Ceo active layer which proposed diffusion of Ceo to nano scale voids formed on 
the PbS-NCbta thin films. Concomitant low FF from low 'Rshunt observed in these devices is 
attributed to these voids observed further using TEM of PbS-NCbta thin films. Therefore,
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further improvement of the PbS-NQ,ta/C6o device performance was concluded as critically 
dependent upon the increase of Voc and F F  by contact worlcfunction increase and controlled 
NC film deposition reducing voids.
Investigation of using P b S -N C ^  as a photoelectron acceptor was investigated in Chapter 
8. Pentacene and tetracene were used as small molecule photoactive material which func­
tion as electron donors to P b S -N C ^  acceptor layer. From EQE measurement carried out in 
pentacene-PbS-NQ,f0 and tetracene-PbS-NCbta devices, it was observed that electron trans­
fer was relatively larger between tetracene-PbS-NCfaa as opposed to pentacene-PbS-NO^ ta 
system. This result was confirmed by PL experiments carried out on bilayer pentacene- 
PbS-NC^a and tetracene-PbS-NC^ia samples as compared to single layer reference pen- 
tacene(tetracene) films. Two orders greater PL quenching was observed for the tetracene- 
PbS-NCbta system as compared to tetracene film whereas pentacene PL  was not seen to 
significantly quench in the presence of PbS-NCfaa suggesting lower electron transfer within 
the pentacene-PbS-NCfaa system. Inefficient electron transfer between the pentacene-PbS- 
NCfoa opposed to tetracene-PbS-NC&ta was not explained by the general thermodynamic 
condition accepted for excitonic solar cells. Using energy level diagrams for PbS-NCfaa, ob­
tained from cyclic voltammetry, a  novel interfacial effect at the pentacene-PbS-NCfaa was 
postulated to cause the observed phenomena. It was proposed that a  relative vacuum level 
shift of 0.7 eV would translate the pentacene HOMO level close to the electron affinity of 
the NC, facilitating radiative (non radiative) relaxation of the excitons thereby reducing the 
electron transfer to PbS-NC&ta. Cause of such interfacial effects were attributed to PDM 
known to exist in NCs. Using a rudimentary models, a value for PDM in PbS NCs was 
calculated as 93 D closely corroborating values obtained from literature.
Hole transfer between pentacene-PbS-NC5Za was not observed to be effected by the inter­
facial phenomena occurring at the heteroj unctions and studies were carried out to fabricate 
improved hybrid devices by enhancing the hole current by surface treatment. In Chapter 5, 
nanotexturing of pentacene carried out by nanoimprinting lithography (NIL) using a laser 
annealed Si stamp improved exciton dissociation of at the pentacene-Ceo heteroj unction 
demonstrating a five fold improvement of the 77 in pentacene-Ceo devices. However, when 
pentacene layers were subjected to axial pressure close to the 0.3 G Pa range, using stamp 
features of 2170 nm average height and 1114 nm width, an increase of the carrier mobility 
was observed studied using conductive AFM  which demonstrated a 60 fold increase of the 
RMS current (96.8 pA) in imprinted pentacene films as compared to pristine films (1.57 pA).
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This work corroborated previous reports on hydrostatic pressure experiments on thin film 
pentacene demonstrating increase carried mobility, explained by an increase of the trans­
fer integral between the molecules induced by compressive forces. Pentacene-PbS-NC^ ta 
devices were fabricated with imprinted pentacene layers which were seen to demonstrate 
two orders of magnitude larger (0.3 mAcm-2) J sc as compared to reference devices (0.002 
mAcin-2). However, hybrid devices fabricated with compressed pentacene layers were seen 
to have very small life times attributed relaxation of the compressive effects with Joule 
heating, which is seen as a major drawback in this technique.
Since tetracene was proved to be more effective donor compared to pentacene, in Chapter 
9, a hybrid PV device between tetracene-PbS-NC&ia was investigated. Hole extraction of 
tetracene was seen to be dependent on favourable alignment of the HOMO level to the 
hole accepting electrode studied using a reference tetracene-C6o devices with alternative 
interfacial layers. Incorporation of PbS-NC&£a was seen to improve the J sc (15 /iAcm-2) 
of the hybrid device as compared to reference tetracene single layer deviees(6 /iAcm-2 ). 
However, clear energy barrier for hole extraction, measured from the cyclic voltammetry 
measurements, between the PbS-NC&£o and tetracene was observed to reduce the F F  and 
J sc of the hybrid device. An order magnitude greater photocurrent was observed from 
the tetracene-PbS-NC/jia at —1.0 V reverse bias as compared to a  reference device, as a 
consequence of the energy barrier for hole extraction.
Integration of the devices discussed in Chapters 7, 6, 8 was carried out to fabricate multi­
junction tetracene-PbS-NCftto-C6o broadband hybrid solar cells. PbS-NC layer operated as 
photoelectron acceptor and donor (tandem) to tetracene and Ceo respectively. Flat band 
energy diagrams disclosed a barrier for hole extraction from the PbS~NC&£a to tetracene 
reducing the photocurrent. The initial devices demonstrated a lower J 5C as compared to 
the reference tetracene-Ceo reference device, attributed to the lower EQ E within spectral 
ranges with the highest solar power. However, from EQE measurements up to two orders 
greater EQE in both ultraviolet and infrared range were demonstrate in the multijunction 
device as compared to the reference, implying the potential for improvement.
Therefore, it can be proposed that with suitable energy level engineering of the NCs, 
the HT between the tetracene and PbS-NCftta can be further improved, to fabricate higher 
efficient multijunctional PV device using tetracene-PbS-NC&£a-C6o-
In conclusion, from the novel PbS-NC and organic (fullerene) hybrid PV devices studied,
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the most promising architecture was found to be a methanol treated P bS-N C ^/C eo  device 
with an r) of 0.44%. Greater than 16 mAcm-2 of J sc is expected from this PV system and 
with suitable optimisations, which were pointed out in this work, a commercially viable 
hybrid PV technology can be envisaged.
A p p e n d i x  A
S p h e r i c a l  p o t e n t i a l  w e l l  s o l u t i o n
Derivation presented here is extracted from reference [59]. In order to solve the Schrodinger 
equation for a potential depending only upon r, known as the central force field, the 
spherical polar coordinates are used. These co-ordinates are defined in equation A .I. The 
£ axis is called the polar axis, 0 is the angle between r and the polar axis (0 <  6 <  7r) and 
<fi measures a rotation about the polar axis (0 < <f> < 2tt).
x  =  r s i n ( 6 ) c o s ( ( f ) ) \  y  —  r s i n ( 9 ) s i n ( 4 > ) ]  z  =  r c o s ( 9 ) (A.l)
The Laplacian in spherical co-ordinates is defined by equation A .2, where A, known as the 
angular operator, is defined in equation A.3.
V 2 =  2 L  + 1A  +  1 A (A 2)
dr2 + rd2 1 '
1 d (  . „  \
~sine de V m  do) ' dip2 ^
Using equation A .2, the Schrodinger equation is written in spherical polar co-ordinates as 
given in equation A.4.
-
2m* \ dr2 r dr r2
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The equation A.4 can be factorized as given in equation A.5 where, Xl(r) '1S the radial 
function  given in equation A.6 and TQm is defined as the spherical harmonics function 
given in equation A.7.
(A.5)
i  ( ! i= r  -  ¥ ¥ » )  +  V{r)Xl =  EXl (A.6)
RYl,m +  l{l +  — 0 (A-7)
In equation A.7, Z(£ +  1) comes in as separation parameter of radius and angles which leads 
to non-singular solutions only if I is an integer (I =  0 ,1 ,2 ,...). For each integer I, there 
still exist 21 +  1 non-singular and unique solutions for to =  — I, — I +  1, — 1,1.
To determine the energy levels for a particle enclosed in sphere of zero potential, with 
infinitely high potential walls defining its surface of radius R, the boundary condition are 
taken as given in equation A.8.
, 0  r < R
V(r) =  { (A.8)
oo r > R
The radial equation, given in A.6, for above spherical potential well conditions, is written 
as given in equation A.9.
Xi +
1(1 +  1) , o 2mE . . .Xf =  0; k = - j p (A.9)
The above differential equation given by A.9 can be reduced by using z =  kr as a variable 
and splitting off a factor of 2 2 , as given in equation A. 10. Consequently, the reduced 
equation obtained is given as A .ll.
Xi =  z2(p(z) (A.10)
ip "  +  iy /  +  |l — —^ 2" - ) V =  0, (A -n )
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Equation A. 11 is in the form of a Bessel function, whose solutions are J±(1+1/2) (%)■ Therefore 
the complete solution of A.9 can be written in the form of equation A. 12.
171*Jvf
xi(r) =  V - y  [6*1+ 1+1/ 2) (kr) +  )] (A.12)
Using the above function, the spherical Bessel functions are introduced as given in 
equations A. 14, A. 14. Prom these, the nonnalisable solutions are restricted to equation 
A.15.
/  7X Z
n(z) =  (A.13)
ni(z) =  ( - l ) (z+1)y ^ J _ (i+i ,2](z) (A. 14)
Xl(r) =  Cji(kr) (A. 15)
Therefore, to solve equation A. 15, the boundary conditions are applied as given in equation 
A.17, A.17.
jlkR =  0 (A. 16)
3{i+\/2)kR =  0 (A.17)
Since, for each given value of Z +  1/2 the Bessel function has an infinite number of zeros, we
find an infinite number of values knrj and of energy levels as given in equation A. 18. Each
I, with nr — 1,2,3,.. .  known as the radial quantum numbers, counting zero, provides the 
quantised energy levels of the system.
Sn.,1 =  (A. 18)
Overall solution to the wave function of a spherical potential well is therefore, derived using 
equation A.5, A.15, as given by equation A. 19.
®n,Z,mv j 0} 0) — (A.19)
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